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Abstract.
The radioanalytical techniques of particle induced X-ray emission (PIXE), Rutherford 
Backscattering (RBS) and instrumental neutron activation (INA) are outlined and 
associated experimental equipment described. Initial work presented includes the 
calibration of the new atmosphere thin window (ATW) Si(Li) low energy photon detector.
Preliminary investigations on porcine brain tissue allowed development of sample 
handling and preparation techniques as well as determination of sampling factors, a study 
of the effects of sample heating on element concentrations and rejection of particle 
induced gamma ray emission (PIGE) analysis as being too time consuming to be 
incorporated into the analytical procedures employed.
Studies conducted on 13 brain regions from both hemispheres of 19 ’normal’ ageing 
subjects found that the brain has a heterogeneous distribution of elements. Also, that 
brain regions can be clustered into groups according to their elemental compositions and 
these groups correspond to the approximate percentage composition of grey and white 
matter of the region. Differences in concentrations were also found between the two brain 
hemispheres, possibly reflecting the different functions. Potassium and calcium 
concentrations were found to increase with age in the subjects and potassium 
concentrations were found to be higher in females than males. The samples were 
provided by the Pathology Department, Royal Surrey County Hospital.
Studies on samples taken from the frontal, occipital, parietal and temporal cortex of both 
hemispheres of ’normal’ ageing subjects and sporadic Alzheimer cases showed that the 
dry to fresh weight ratio was decreased in Alzheimer cases compared to ’normals’ by an 
amount which was dependant upon the brain region studied and the duration of Alzheimer 
disease (AD). The regional variation in the decrease of water ratio was in rough 
agreement with the pattern of anatomical and histological abnormalities seen throughout 
the cortex of Alzheimer subjects, i.e. the occipital lobe being the least affected. The water 
ratio was found to be lower in Alzheimer patients of long disease duration than those of
short disease duration, as may be expected. In terms of the concentrations of minor and 
trace elements determined, Na, Cl, Br and Zn were found to be increased in the Alzheimer 
brain compared to ’normals’ and K, Rb and Se decreased. No significant difference in 
elemental concentrations was found between ’normal’ and Alzheimer tissue for Al, Mg, 
P, S, Ca, Fe, Cd, Cs, Sc and Cu. The change in elemental concentration from the 
’normal’ was dependant on the brain region studied and the recorded duration of the 
disease. In particular, the bromine concentrations of samples affected by Alzheimer’s 
disease were found to reflect the degree of anatomical and histological abnormalities of 
the region. The dependence of Na, Cl, Br and K concentrations on the duration of the 
disease, were not as may be expected. The high concentrations of Na, Cl and Br in 
Alzheimer brain tissue were found to decrease with increasing duration of disease and the 
low concentrations of K to increase. Therefore in the brain tissue of long term sufferers 
the elemental concentrations determined were more representative of ’normal’ elemental 
concentrations than elemental levels obtained in the brain tissue of short term sufferers. 
All samples used for the study of Alzheimer’s disease were provided by the Alzheimer’s 
Disease Brain Bank, Institute of Psychiatry, London.
The possible role that free radicals play in Alzheimer’s disease is discussed and a study 
of antioxidant therapy conducted in another disease thought to be free radical mediated, 
ulcerative colitis. The trial included seven active UC patients and three quiescent patients. 
Active UC patients were found to have low blood plasma concentrations of selenium and 
high concentrations of iron, both of which would be believed to increase the number of 
free radicals. Daily supplements of antioxidants were given to the active patients and 
blood plasma selenium concentrations were found to increase whilst iron concentrations 
were found to decrease. There was also an associated betterment in patient condition with 
improvements in the number of stools passed and the histological score. On removal of 
the supplements selenium concentrations were found to decrease and iron concentrations 
to increase. However, patient health continued to improve. No adverse effects to the 
large daily doses of selenium administered were observed. Samples for this work were 
provided by the Gastrointestinal Science Research Unit, The London Hospital Medical 
College.
This thesis is dedicated to the memory of my grandmother 
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1. Introduction.
The constituent elements of a material can be defined as major, minor or trace depending 
on their concentration in that material. In biological samples the major elements are H, 
C, N and O and the minor elements Na, Mg, Cl, P, S, K, and Ca. The major and minor 
elements make up 99% of the human body. Trace elements (the other 1%) was the term 
initially used to describe elements present in quantities too small to be measured by the 
existing techniques, generally in quantities of (ig/g or parts per million (ppm). Nowadays, 
trace elements can be measured with good accuracy and precision down to ng/g levels and 
below, leading to the term ultratrace elements. Trace elements are often referred to as 
essential, nonessential or toxic, nonessential being rather a default term for elements for 
which no essential role has yet been established. Full descriptions of the attributes 
required by an element to be termed essential have been made by Cotzias [Cot67]. Mertz 
[Mer70] simply stated that an essential element was one which if present in deficient 
quantities resulted in the impairment of function. This was the basis on which the first 
essential elements were determined, with a deficiency of iron being found to cause 
anaemia back in the 17th century and a lack of iodine being associated with goitre in 
1850 [Hey84]. In contrast an element which shows detrimental effects at low 
concentrations can be classified as toxic, for example mercury poisoning is known to 
cause dementia [Ted82].
Liebscher [Lie68] described a way of determining essential trace elements by examining 
their concentration distributions through a population. Essential elements are under 
homeostatic control meaning that the element is absorbed or excreted by an organism to 
maintain an optimum concentration. The homeostatic control of essential elements means 
that the concentrations displayed by a population will exhibit a Gaussian frequency 
distribution. In contrast nonessential elements, which exhibit no homeostatic control, have 
concentrations which may be dictated by the environment, tissue concentrations are
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therefore found to be generally low (reflecting the lack of absorption) but with occasional 
higher values (when exposure is high and due to the lack of excretion) yielding a log­
normal frequency distribution of concentrations.
It is now known that essential elements also have toxic properties at high concentrations. 
For example copper has long been established as an essential element, with deficiencies 
resulting in Menke’s disease and demylination of the axons (the main disease resulting 
from which is multiple sclerosis) whilst toxic effects due to lack of excretion of the 
copper by the liver results in Wilson’s disease. Similarly many elements once regarded 
as only toxic have now been found to have essential roles at very low concentrations (for 
example arsenic, lead and cadmium [Mer93]). The essential and toxic properties of an 
element can therefore best be described by a dose-response curve [Bow66] (Figure 1.1). 
The extent of the plateau region is determined by the homeostatic control for the element.
ZN
CONCENTRATION
Figure 1.1: An idealised dose response curve [Bow66].
The shape of the dose-response curve is further complicated by the fact that each element 
cannot be treated in isolation but must be treated as part of a system. This is due to the 
positive and negative interactions between elements as one element can act to increase or 
decrease the absorption of another and deficient elements may be replaced by other
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elements or even vitamins. For example zinc and copper compete to be transported across 
the gut wall and a deficiency of selenium can be, to some extent, compensated by vitamin 
E, showing no detrimental health effects, at least in rats [McC69]. The idea of elements 
being treated as part of a system rather than individually has come about gradually over 
a number of decades and the changing view towards trace elements over the last 50 years 
has been reviewed recently by Mertz [Mer93].
The elemental composition of bodily fluids and organs is of great interest in the study of 
a number of diseases. The knowledge of the elemental concentration imbalances in a 
diseased tissue may give information as to the cause of the disease (e.g. by exposure to 
various environmental pollutants) or possible treatments or even cure if a deficiency of 
an element is found. Examples of these two cases being mercury exposure causing 
Minamata disease [Ted82] and the treatment of anaemia with iron supplements. The 
most common form of dementia, Alzheimer’s disease, is a disease claiming an ever 
increasing number of sufferers due to its increase in incidence with age and the worldwide 
increase in life expectancy. Some Alzheimer cases are known to be genetically linked and 
three chromosomes (14, 19 and 21) have now been associated with the disease [MRC93], 
however, a larger number of unexplained ’sporadic’ cases remain. Apart from the 
possibility of environmental toxins such as Al, Cd, Hg and Pb being involved much recent 
research points to a free radical role in the disease [Fro95]. A free radical is ’any species 
capable of independent existence that contains one or more unpaired electrons’ [Hal89]. 
Free radicals damage cell membranes by causing lipid peroxidation. Since Cu and Zn, 
in CuZn-superoxide dimutase (SOD), Mn (in Mn-SOD) and Se, in glutathione peroxidase 
(GSH-Px) are all antioxidants (i.e. reduce free radical numbers) they may be expected to 
play a role in Alzheimer’s disease, as might Fe, since an increase in iron concentrations 
is known to increase the numbers of free radicals [Smi90] [Fre82].
The primary aim of this work is to establish the distribution of elemental concentrations 
through the ’normal’ ageing brain and through brain affected by sporadic Alzheimer’s 
disease and to identify significant differences between the two. Attention has been paid 
to areas previously neglected in the literature such as the dependence of concentrations 
in the Alzheimer brain upon the region studied and the duration of disease.
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Before concentration imbalances associated with any disease can be identified baseline 
levels for ’normal’ populations must be established. This is a complex task since 
concentrations will be dependant on many factors including the environment, diet, age, 
sex and smoking habits. Several attempts have been made to establish baseline levels for 
the concentrations of elements in different body fluids and organs, including brain tissue. 
Two of the most complete compilations have been made by Iyengar [Iye78] and by the 
ICRP [Sny75]. However both these publications are now quite old and more recently 
levels determined have tended to be lower than the concentrations quoted in these 
publications. In addition the compilation of Iyengar is for only nine brain regions 
(including large regions such as the cortex and the cerebrum) and for many elements 
concentrations are only quoted for ’bulk brain’ or for two or three specific regions only. 
Although the ICRP publication contains concentrations for the cerebrum, cerebellum and 
brain stem for some 40 elements, these were calculated from literature ’bulk brain’ values 
by the fractional mass of each brain region and so do not reflect any brain 
inhomogeneities between regions. In addition both publications give the concentrations 
found in a population of average age, however the age of Alzheimer patients will be older 
than this. Very few studies have been conducted to determine the effect of geographical 
location on brain element concentrations. Ward [War87] examined ’normal’ and 
Alzheimer populations from Eastern Canada and from the UK, the values quoted for the 
two geographical regions appear similar but since no errors are quoted statistical 
significance cannot be calculated. Tipton [Tip65] examined the element concentrations 
of the brain tissue of adult males from Africa, the Near East, the Far East and Switzerland 
and found little difference between the groups except for a significantly higher iron 
concentration in the Far Eastern group.
The first task was to measure the distribution of element concentrations through the 
regions of the ’normal’ ageing (>60 years) human brain. ’Normal’ being defined as 
suffering from no known neurological symptoms. Since fresh human brain tissue is 
relatively difficult to obtain in a state which is suitable for trace element analysis initial 
investigations were conducted on porcine brain tissue in order to develop and establish 
procedures. Pigs were chosen due to the reported similarity between the composition of 
porcine organs and human organs [Und77]. Studies on porcine brain tissue allowed the
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optimisation of sample preparation techniques and the calculation of sampling factors, 
determining the minimum amount of sample to be analysed to obtain a representative 
concentration in terms of homogeneity. Several techniques, namely RBS, PIGE, PBŒ 
and INA A could also be assessed for their suitability for routine, multi-elemental analysis 
of brain tissue. The work conducted on porcine brains is presented in Chapter 4. 
Subsequent analysis on ’normal’ human brain tissue from thirteen brain regions, presented 
in Chapter 5, allowed a study of the distribution of elemental concentrations through the 
brain regions and the effect of age, sex and post mortem interval on elemental 
concentrations. Samples for the work presented in Chapter 5 were provided by the 
Pathology Department, Royal Surrey County Hospital.
Although a number of studies have been conducted on the elemental concentrations of 
’normal’ and Alzheimer brain tissue many have studied samples taken from a number of 
brain regions but have only compared the average concentrations from all regions. This 
means that any preferential damage to a particular region (in terms of changes in 
elemental concentration from the ’normal’) were not identified. In the work presented in 
Chapter 6 a number of cortical brain regions in the ’normal’ and Alzheimer brain are 
analysed and for Alzheimer subjects the elemental concentrations of each region compared 
with the pathological damage of the region. In addition, the change in elemental 
concentration with the recorded duration of Alzheimer’s disease is examined, this is an 
area which does not seem to have been studied previously in the literature, possibly due 
to difficulty in obtaining accurate information of the disease duration. Samples for the 
study of Alzheimer’s disease were provided by the Alzheimer’s Disease Brain Bank, 
Institute of Psychiatry, London.
Finally, due to recent indications of a possible role of free radicals in Alzheimer’s disease 
[Fro95] a study of antioxidant therapy was carried out in another disease thought to be 
mediated by free radicals, ulcerative colitis. This ’in vivo’ work is presented in Chapter 
7. Antioxidants were administered daily to active ulcerative colitis patients and their 
blood serum concentrations and health monitored. The primary aims of the work were 
to see if large daily doses of selenium could be tolerated, if low initial plasma selenium 
concentrations could be increased by supplementation and if antioxidant therapy led to an
5
improvement in patient health, judged by the number of stools passed and a histological 
score. Blood plasma samples were provided by the Gastrointestinal Science Research 
Unit, The London Hospital Medical College.
The main techniques used to obtain elemental concentrations were particle induced X-ray 
emission (PIXE), Rutherford backscattering (RBS) and instrumental neutron activation 
analysis (IN A A). PIXE and RBS analyses were conducted simultaneously using the 
University of Surrey Ion Beam Facility to produce a collimated and focused 2MeV proton 
beam. Protons incident on a target will cause the excitation of electrons, on de-excitation 
X-rays are emitted which are characteristic of the atom and have an intensity dependant 
upon the elemental concentration. The detection of these characteristic X-rays using a 
Si(Li) detector forms the basic principle of PIXE analysis. PIXE was first used 
analytically in 1970 [Joh70], Due to the small samples and little sample preparation 
required and the good detection limits available over a range of elements, PIXE analysis 
is now a major contributor to the field of trace element analysis. When protons are 
incident on a target a small number of the protons come into close proximity of the target 
nuclei. The Coulomb repulsion causes these protons to be scattered at a backward angle. 
A suitably placed surface barrier detector can be used to gain additional information on 
the major elemental composition of the sample. The technique of Rutherford 
backscattering, as it became known, was discovered in 1911 by Geiger and Marsden 
[G eill]. Neutron activation analysis relies on nuclei having high radiative capture 
reaction cross-sections for thermal neutrons and on the high neutron flux of a nuclear 
reactor. The gamma-rays emitted by the resultant unstable nuclei in their decay can be 
detected by a high resolution germanium detector to determine the elemental 
concentrations of the initial target. The first recorded account of neutron activation 
analysis as an analytical technique was in 1936 [Hev36]. The three analytical techniques 
employed are explained in more detail in Chapter 2 and the associated equipment in 
Chapter 3.
The use of both PIXE and INA analyses not only increases the number of elements 
determined, but also gives confidence in the accuracy of results, because a number of 
elemental concentrations can be determined by both techniques.
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2. Analytical Techniques.
2.1 Particle Induced X-ray Emission (PIXE) Analysis.
2.1.1 Introduction.
In PIXE analysis a high energy ion beam (typically 2-3MeV), produced by an accelerator, 
is used to eject inner shell electrons from target atoms, Figure 2.1a. The vacancies 
produced are subsequently filled by outer shell electrons. This transition is accompanied 
by the emission of X-rays, Figure 2.1b, which are characteristic of the atom and whose 
intensities are dependant upon the concentration of the element in the target. Therefore 
detection of these X-rays allows a qualitative and quantitative evaluation of the sample 
composition.
Emitted characteristic
x-ray
Filling o f inner 
shell vacany /
Incident
proton
Figure 2.1: Proton Induced X-ray emission.
The first ion induced X-rays were produced by Chadwick in 1912 [Chal2] inspired by the 
work of Rutherford. In 1964 Birks [Bir64] compared X-ray emission spectra obtained 
using electrons and protons as excitation sources. Birks concluded that should a low cost 
proton source be available the low background produced by protons would make proton 
excitation preferable to the poorer sensitivity of electron excitation. At this time many 
old Van de Graaff accelerators became available as nuclear physicists turned to new,
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higher energy tandems and cyclotrons. Up until the 1960s X-ray detection was by 
wavelength dispersive spectroscopy, making use of Bragg diffraction from an aligned 
crystal. The major disadvantages of this technique are that the entire spectral range 
cannot be measured at once and that the peak efficiencies are low meaning that high 
currents or long analysis times must be used increasing the possibilities of sample heating. 
However, due to the excellent resolution (a few eV) available with present day wavelength 
dispersive detectors, there may be some applications in the study of low Z elements 
[Mor95]. In the late 1960s, with the introduction of the lithium drifted Si(Li) detector, 
energy dispersive spectroscopy became possible enabling simultaneous multi-elemental 
analysis across the entire spectral range. In 1970 Johansson et al. [Joh70] described the 
first analytical use of particle induced X-ray emission by examining air particulate 
contaminants on carbon foils.
Since the initial work of Johansson the technique of PIXE analysis has developed and 
grown, with applications now in archaeology, biology, forensic science, geology, medicine 
and pollution studies. Recent efforts have concentrated on developing highly collimated 
and focused beams, for example the Oxford group is now able to focus their beam to 
under one micron in diameter, delivering approximately lOOpA of current [Cer95]. These 
microbeams can be used to scan inhomogeneous sample surfaces and so obtain elemental 
concentration maps.
PIXE analysis has advantages over competing techniques in several ways. Firstly the 
relatively small amount of bremsstrahlung produced by protons compared to electrons 
gives the PIXE technique excellent detection limits over a wide range of atomic numbers. 
Furthermore, these detection limits can be obtained without the need for chemical 
separation, which may be necessary for other techniques and carries the risk of 
contamination. The ability to obtain data from very small samples allows the analysis of 
specimens such as biopsy samples, where only a small amount of material is often 
available. The way in which a proton beam can be focused and scanned allows element 
maps to be obtained when the elemental distribution is of interest and the small diameter 
beams now available are even able to scan individual cells. The non-destructive nature 
of the technique allows the analysis of valuable samples such as archaeological artifacts
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whilst allowing the sample to remain intact and undamaged. Finally the multi-elemental 
nature of PIXE means that all data can be obtained in a single run reducing analysis 
times. In short PIXE is a multi-elemental , non-destructive technique with an ability to 
analyse small samples with a good sensitivity.
2.1.2 X-ray Production.
When a beam of protons produced by an accelerator is fired at a target an inelastic 
collision of a proton with an atom of the target will result in the release of a bound 
electron from an inner shell. The atom will then de-excite, within 10"16 seconds, either 
by fluorescence or Auger electron emission or both. In the case of fluorescence the inner 
shell vacancy is filled by an outer shell electron and the excess energy is released in the 
form of an X-ray with an energy equal to the difference between the two electron states. 
Transitions which fill vacancies in the innermost K-shell produce K X-rays, those filling 
the next innermost shell L X-rays and so on. Ka lines represent the L to K shell 
transition, Kpi the M to K shell transition etc. Possible electron transitions producing K 
X-rays can be seen in Figure 2.2. Tabulations of X-ray energies and relative line 
intensities are available in the literature, for example in the classic text by Storm and 
Israel [Sto70]. A typical X-ray spectrum, that of the reference material Bowen’s kale, can 
be seen in Figure 2.3. Instead of the energy being released as an X-ray one of the outer 
shell electrons may be released as an Auger electron with an energy equal to the energy 
difference between the two electron states minus the binding energy of the Auger electron. 
In the case of the shells other than the K-shell (which has no subshells) Coster-Kronig 
transitions can also occur where electrons are transferred between subshells of the same 
principle quantum number. These transitions are not accompanied by the emission of 
radiation.
2.1.3 Relative Intensities.
It is important to know the relative intensities of individual X-ray lines to be able to 
separate the overlap between the Kp lines of element Z and the Ka lines of element Z+l. 
This overlap can be seen in the Bowen’s kale [Mur85] spectrum in Figure 2.3. The most 
widely used theoretical calculations of relative intensities are those by Scofield, (K-shell) 
[Sco74a] (L-shell) [Sco74b] . A compilation of experimental results was made by Salem
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Figure 2.2: Electron transitions producing K X-rays.
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Figure 2.3: X-ray spectrum from Bowen’s kale, obtained using a 2MeV proton beam 
of 4nA current and 1mm diameter scanned over the sample surface. Total charge
collected = 10|uiC.
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in 1974 [Sal74]. Although there have been more recent compilations, authors (for 
example Cohen and Havranek [Coh87] [Hav94]) still tend to utilise values from Salem 
where possible and obtain missing values from the work of Scofield.
2.1.4 Fluorescence Yield.
The fluorescence yield gives the fraction of inner shell vacancies which result in the 
emission of an X-ray. Values for fluorescence yields have been calculated by Chen (K- 
shell) [Che80] (L-shell) [Che81] and Krause [Kra79].
A generalised model for the calculation of K-shell fluorescence yields has been developed 
[Bam72] and modified [Joh88] to give the form:
1—(0,
1 3
i=0
(2.1)
where mK - K-shell fluorescence yield
Z - Atomic number
and the values of the coefficient B are given in Table 2.1.
Table 2.1: Coefficients for the calculation of fluorescence yields [Joh88],
K-shell L-shell
B0 (3.70 ± 0.52) xlO'Z 0.17765
B, (3.112 ± 0.044) xl0-2 2.98937 xlO-:
b 2 (5.44 ± 0.11) xlO'S 8.91297 xlO'S
b 3 -(1.25 ± 0.07) xlO"6 -2.67184 xlO'7
Values for K- and L- shell fluorescence yields calculated using the equation of Johansson 
are plotted in Figure 2.4.
For the L-shell the fluorescence yield becomes more complicated due to the Coster-Kronig
12
transitions between sub-shells. %  is the effective fluorescent yield from all L-shells so 
that:
0),
X(L1)+X(L2)+X(L3) (2.2)
where X(L1), X(L2) and X(L3) are the yields of L X-rays from the L sub-shells, L I, L2, 
and L3 such that:
X(Ll)=n1(ù1 (2.3a)
X(L2) =(n2 +f,2«i) w : (2.3b)
X(L3) = [«3  + /23« 2  + 0 l 3  +/ l / 2 3) « l ]  W3 (2.3c)
where Uj is the fractional number of vacancies in the ith sub shell such that the initial 
vacancy distribution is n1:n2:n3 and EUj = 1 . f  ^ is the Coster-Kronig transfer probability 
between sub shells i and j. The effective fluorescence yield, can be calculated by [Coh87]:
G ),
t=0
(2.4)
where the values of the coefficient B have been given in Table 2.1.
% 0.6
% 0.4
0.0
80.0 100.00.0 20.0 40.0 60.0
Atomic Number (Z)
Figure 2.4: Theoretical calculations of K- and L- shell fluorescence yields.
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2.1.5 Reaction cross-sections.
The ionization cross-section, expressed in bams (10"28nî), is the probability that inner shell 
ionization will occur leaving a vacancy. However, often in PIXE analysis the concept of 
an X-ray production cross-section is more useful. When K-shells are under consideration 
the two are simply linked by the fluorescence yield, so that:
(2-5)
where (% - ionization cross-section, %  - K-shell fluorescence yield
and Gx - X-ray production cross-section
Compilations of experimentally derived cross-sections for the K-shell have been made by 
Gardner [Gar? 8]. Due to Coster-Kronig transitions the situation becomes more 
complicated for the L-shell. Many attempts have been made to obtain accurate ionization 
cross-sections using both experimental and theoretical techniques. Experimentally based 
L-shell cross-sections have been compiled by Hardt [Har76].
The theoretical techniques are based around three basic models, the Binary Encounter 
Approximation (BEA) [Gar70], the Plane Wave Bom Approximation (PWBA) [Mer58] 
and the Semi-Classical Approximation (SCA) [Ban59]. Soon after the advent of PIXE 
analysis Johansson et al. [Joh76] combined BEA theory with known experimental cross- 
sections to give a generalised formula for the calculation of ionization cross-sections:
Mo, by,
n=0
InL
Xu.
(2.6)
where: i - represents either K- or L- shell U; - ionization energy (eV)
Gj - ionization cross-section (barns) Ep - proton energy (eV)
X  -  ratio proton/electron mass (=1836.1514) 
and the values of the coefficient b for K- and L-shells, calculated by fitting a 5th order 
polynomial to experimental data, are given in Table 2.2.
In contrast Brandt’s work [Bra81] concentrated on modifying the PWBA model which led 
to the development of the ECPSSR model. This model allows for energy loss (E) during 
the collision, the deflection and velocity change of the protons due to the Coulomb force
(C), perturbation of the atomic stationary states (PSS) by the protons and relativistic 
effects (R). The work of Brandt led to the compilations by Chen [Che81] and Cohen 
[Coh85]. K-shell ionization cross-sections for 2MeV proton beams, as calculated by 
Johansson and Cohen, have been plotted in Figure 2.5. The universal equation of 
Johansson is an approximation and the K-shell values of Cohen can be seen to deviate 
from the universal equation for Z> 50. Although Johansson’s equation for ionization 
cross-sections is still used due to its simplicity, PIXAN and more recent PIXE analysis 
packages [Ant94] [Hav94] have chosen to use the compilations of Cohen.
Table 2.2: Coefficients for the calculation of ionization cross-sections.
L-shellK-shell
3.60822.0471
-0.65906 xlO 0.37123
-0.36971-0.47448
-0.78593 xlO0.9919 xlO
0.25063 xlO0.46063 xlO
0.12613 xlO0.60835 xlO
1000000.00
—  Cohen [Coh85]
- - Johannson [Joh76]
10000.00
100.00  -
1.00
0.01
0.00
100.020.0 60.0 80.00.0 40.0
Target atomic number (Z)
Figure 2.5: K-shell ionization cross-sections for 2MeV protons.
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2.1.6 Stopping powers.
As the incident protons pass through the target matter they lose energy by inelastic 
collisions with electrons in the sample matrix. The energy lost is dependant upon the 
matrix composition and density of the target. The linear stopping power dE/dx is the 
amount of energy lost (dE) by protons travelling a distance dx. The mass stopping power, 
S(E), is therefore defined (in keVg^cm2) as:
S(E)=——  (2.7)
p dx
where p is the density of the target. The most widely used mass stopping powers are 
those of Anderson and Zeigler [And77].
2.1.7 Mass attenuation coefficients.
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Figure 2.6: Mass attenuation coefficients (cnfg-1) for the matrix elements of
biological tissue.
As well as the protons losing energy as they pass through the sample matrix the 
characteristic X-rays produced are attenuated by the matrix. The total mass attenuation 
coefficient in the matrix can be calculated by the mixture rule, i.e.
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H=]C PM
i=l
where: (ij - mass attenuation coefficient for element i
Wj - relative proportion, by weight of element i in matrix.
Compilations of mass attenuation coefficients have been made by Storm and Israel [Sto70] 
and Hubbel [Hub82]. Attenuation coefficient for the major elements found in biological 
tissues, i.e. H, C, N, O, Na, S and Cl are shown in Figure 2.6 [Sto70].
2.1.8 Bremsstrahlung and background radiation.
Spectra obtained by PIXE analysis can be seen to be composed of characteristic X-ray 
peaks superimposed upon a continuous background of electromagnetic radiation (Figure 
2.3) . The size of this background directly controls the minimum detection limits of the 
technique since the sensitivity is dependant upon the signal to noise ratio at the energy 
of interest. Background radiation originates mainly from the bulk material in a target, the 
sample matrix. The main contribution to the background radiation is bremsstrahlung 
produced by charged particles passing through matter. At lower energies in the spectrum 
the main contribution is secondary bremsstrahlung whereas at high energies it is primary 
bremsstrahlung for the reasons discussed below.
2.1.8a Primary bremsstrahlung.
Primary bremsstrahlung is produced as the incident proton beam passes through the 
Coulombic field of the nuclei of the matrix atoms. The cross-section for primary 
bremsstrahlung production is given by:
da CAZ Z j
dE. EE.
iz_^r} 
A A t
(2.9)
where: Z, Z r - atomic number of the incident proton, matrix atom
A, At - mass of the incident proton, matrix atom 
E, Ex - energy of the incident proton, resulting photon.
C - slowly varying factor.
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Primary bremsstrahlung gives a continuous background contribution which is highest at 
low energies. At the high energy end of the spectrum (> Tm, see Section 2.1.8b) primary 
bremsstrahlung is the main contributor to background radiation, this is when the incident 
proton comes into the field of the target nuclei and experiences large acceleration. It is 
interesting to note that the primary bremsstrahlung contribution decreases with increasing 
proton energy unlike the other background production mechanisms and unlike the X-ray 
production yield. Due to the inclusion of the (Z/A - Zp/A^ term and since for most 
targets, except hydrogen, Zp/A-p ~ 0.5 for a-particles the contribution of primary 
background ~ 0. However in practice the other sources of background dominate.
2.1.8b Secondary Bremsstrahlung.
Secondary bremsstrahlung is produced by the slowing of secondary electrons in the target 
matrix and is the main source of background at low energies. The maximum energy 
which can be transferred from an incident proton to an electron, Tm, is:
T 4Mm E  (2.10)
(m+M)2
where: M - mass of proton/incident particle E - beam energy
m - mass of electron 
Therefore for an incident proton beam of 2MeV Tm = 4.3keV. Since the maximum energy 
transferred to a free electron is 4.3keV, the contribution to the background by electron 
scatter is high below 4.3keV and decreases rapidly approaching 4.3keV. Above Tm the 
contribution of secondary bremsstrahlung is small. Detailed calculations of the secondary 
bremsstrahlung contributions have been made by Folkmann [Fol74]. Secondary 
bremsstrahlung has an anisotropic distribution around the 90° point with the amount of 
bremsstrahlung in the forward direction increasing with increasing proton energy [Ish77]. 
Therefore to minimise background detection the detector is placed at a large backward 
angle to the beam.
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2.1.8c Other background sources.
Other background sources include Compton scattering of X-rays and gamma rays, 
environmental radiation and background due to charge build up on samples . In being 
bombarded by protons some nuclei gain an excited state which subsequently de-excites 
with the emission of gamma rays. This process is made use of in the analytical technique 
of PIGE (particle induced gamma-ray emission). Compton scattering of the gamma-rays 
in the sample matrix produces a lower energy photon continuum. Some elements, for 
example fluorine, aluminium and sodium have large resonant cross-sections for gamma- 
ray emission at proton energies close to 2MeV. For biological samples the main 
contribution to this type of background will be from the sodium component. 
’Environmental’ sources of radiation include radioactive sources in the laboratory, cosmic 
rays and natural radioactivity in the material of the building. Generally the contribution 
to the background from environmental sources is negligible. Background can also be 
produced by charge build up on samples. Biological samples are non-conducting and 
charge can accumulate on the sample surface as protons are brought to rest in the samples 
resulting in a charge imbalance. Eventually the sample will discharge emitting 
bremsstrahlung photons of high intensity. Methods used to prevent charge build up are 
discussed in Chapter 3.
2.1.9 Detection limits.
The minimum detectable limit (MDL) of an element can be defined as the smallest 
amount of the element that must be present in a particular matrix to give a signal which 
is significantly higher than the associated background, i.e.
where: Np - no. of counts in peak of interest.
Nb - no. of counts in background under peak.
F - factor dependant upon statistical significance required.
For F= l, peak must be one standard deviation above the background giving a 68.3% 
confidence in the detection of the peak, F=2, two standard deviations above background 
giving a 95.5% confidence and F=3, three standard deviations giving 99.7% confidence.
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The detection limit is dependant upon a number of factors including the beam energy, 
collected charge, detector resolution, the element of interest and the matrix composition 
of the sample. Generally speaking the X-ray production cross-sections increase with 
proton energy up to a few MeV so a low proton energy results in a reduced X-ray yield. 
Background from proton induced gamma emissions increases with increased energy at a 
faster rate than the X-ray production increases, worsening the background for high proton 
energies. However, the detection limit is also dependant upon the atomic number (Figure 
2.7), therefore to obtain the maximum sensitivity for a particular element of interest the 
beam energy should be specifically adjusted, but to maintain the multielemental nature of 
the technique a best overall sensitivity is adopted. For biological materials the trace 
elements (for which optimum sensitivity is required) lie in the range of Z=20-40. For this 
atomic number range the best detection limits (K X-rays) are achieved with a proton beam 
of 2-3 MeV [Man??].
IMeV 3 M e V
Figure 2.7: Detection limit (in arbitrary units of concentration) with atomic number for
K X-rays.
The easiest practical way to improve detection limits is to increase the charge collected. 
Since as:
MDL (counts) « y/no. o f background counts (2.12)
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it follows that:
MDL (counts) « ^charge (2.13)
Putting the detection limit in terms of concentration (from eqn. 2.15) gives:
MDL (figlg) « ■ ?—  (2.14)
\jcharge
Therefore in Figure 2.8 the MDL (|ig/g) has been plotted against 1/V(charge) for various 
amounts of charge, collected for a number of elements found in the reference material 
Bowen’s kale. Straight line graphs are produced. The large errors are due to poor 
counting statistics with low charge collection and can be seen to decrease rapidly with 
increased charge collection.
D
et
ec
tio
n 
lim
it 
ex
pr
es
se
d 
in 
dry
 
w
ei
gh
t 
co
nc
en
tra
tio
n 
(p
.g
/g
).
120
100
80
60
40
20
0 .50 .40.30.20.1
0.15
200
150
100
50
0.50 .40.30.20.1
500
400
300
Ca200
100
0.50 .40 .30.20.1
5
C u
0.25 0 .3 5
200
150
100
50
0
0 .50.40 .30.20.1
150
120
90
60
30
0.1
\ J  c h a r g e
K
0.2 0.3 0 .4 0 .5
3 0 0
200
100
0 .50 .40.30.20.1
4 0 0
Z n3 0 0
200
100
0 .350.250 .1 5
Figure 2.8: Detection limits ( | a . g / g )  with (charge)"y\  Where F in eqn. 2.11 is equal to 3
standard deviations.
22
2.1.10 Spectrum analysis.
For thick samples, i.e. ones which completely stop the incident proton beam within the 
sample, the X-ray yield Y can be given as:
Y__^ Q ^ ( . E )  J E _  (2 .15)
Ae4n h ,  J S(E)
Where: C - concentration of element Z
Nav - Avogadro’s number
A - mass number of element Z
Q - total incident proton charge on the sample
e - charge on a single proton (1.6021917 xlO"19C)
Q .  -  solid angle subtended by the detector to the beam spot
8(E) - intrinsic efficiency of the detector at the specific X-ray energy
gx(E) - X-ray production cross-section for protons in element Z.
F(E) - X-ray attenuation in the matrix, given by:
F(E) =exp
cos0a rE dE
Hcos8p*,£pS(£)
(2.16)
Where: S(E) - mass stopping power of the sample matrix at proton energy E
Ep - incident proton energy
0a - incident angle of proton beam (normal to the sample)
0p - take-off angle of X-ray (normal to the target)
p. - X-ray mass attenuation coefficient in the sample matrix
It can be seen that obtaining accurate concentrations using the equations above in the so 
called ’absolute’ method of analysis involves the accurate determination of many 
experimental parameters. For this reason it is common for a comparative method of 
analysis to be employed where the X-ray yield from a particular element in an unknown 
sample is compared to that in a certified reference material. This method removes 
uncertainties in detector efficiency, cross-sections and attenuation coefficients. For a 
constant geometry for sample and standard it also removes factors such as the detector 
solid angle. For a sample and standard of the same matrix composition the equation used
2 3
to calculate the sample concentration then simply becomes:
c  - (2.17)
“  %
where: C, Y, Q are the concentration (p,g/g), X-ray yield and the charge(|iC) for the 
sample(sa) and the standard(st).
Certified reference materials can be obtained from suppliers such as The National Institute 
for Standards and Technology (NIST), formerly known as The National Bureau of 
Standards (NBS), and the International Atomic Energy Agency (IAEA). Materials for 
certification are involved in worldwide intercomparisons, after which, elements for which 
derived concentrations are in agreement are allocated certified concentrations to which a 
confidence interval can be given. Reference materials should be chosen to have a 
composition as close as possible to that of the sample of interest, to cancel out effects of 
proton and X-ray attenuation. The disadvantages of using the comparative method of 
analysis are the extra time spent in preparing standards, collecting their X-ray emission 
spectra and the subsequent analysis of data. In addition in the case of external standards, 
elements to be determined in the sample must also be present in the standard.
2.1.11 Internal and external standards.
In using the comparative method of analysis the standards employed can be internal or 
external. For external standards the reference material is separate to the sample. The use 
of external standards removes errors from the uncertainty in detector efficiency and 
minimises errors for cross-sections and attenuation coefficients. In using internal 
standards a known amount of an element which will not interfere with the sample 
spectrum (often yttrium or ruthenium) is added to the sample and the element 
concentrations are calculated relative to the internal standard. The use of internal 
standards removes errors in the current integration and any possibility of geometric errors. 
Only external standards were used in the work presented here.
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2.1.12 Computer analysis of spectra.
For the accurate analysis of sample spectra an appropriate software package is essential. 
Spectra were analysed using the Lucas Heights PIXE analysis package PIXAN [Cla86]. 
Analysis is conducted in two stages, first the program BATTY is used to obtain peak 
areas from the original spectra and then the program THICK calculates the elemental 
concentrations. The software package contains data sets holding values required in 
calculations. These include, element K- and L-shell X-ray energies [Sto70] and relative 
yields as given by Salem [Sal74] and Cohen [Coh86] (L-shell), parameters to calculate 
X-ray attenuation coefficients [The67] and stopping powers [And77], ECPSSR cross- 
sections [Coh85] and fluorescence yields [Kra79].
BATTY assumes the spectra to be made of essentially Gaussian peaks (the accuracy of 
this assumption and literature descriptions of peak shapes are examined in section 2.1.13) 
superimposed upon a continuous background, with each element being represented by a 
number of peaks with fixed intensity ratios. A ’shopping list’ of elements of interest is 
entered with up to 44 elements being permitted. Peaks can be fitted to 18 elements in the 
2-20 keV energy range. This allows fitting of K X-ray peaks from P (Z=15) to Rh 
(Z=45) and L X-ray peaks from Y (Z=39) to Bk (Z=97). The user is required to enter 
the energy calibration, detector resolution (as the equation obtained when resolution is 
plotted against X-ray energy), peak centroids and mylar filter thickness. The peak 
centroid values are quoted as the gradient (~1) and intercept (~0) obtained when the 
channel numbers for the maximum number of counts in the peaks are plotted against the 
central channel number of the peaks. For a pinhole filter the ratio of the pinhole area to 
the detector active area is also required (for the filter used here, ratio=4.22). For filters 
made of materials other than mylar a minor correction needs to be made to the PIXAN 
code. A choice of two background fits is available, either a polynomial fit to the peak 
minima or an iterative fit which gradually smooths down the peaks to the background 
continuum. Matrix elements and their concentrations are entered to allow for corrections 
for self absorption of X-rays in the sample matrix. BATTY removes silicon escape peaks 
by stripping these from the spectra before peak fitting. Corrections can also be made to 
account for sum peaks (up to a maximum of 10) and low energy tailing of Gaussian 
peaks. Finally peak areas are calculated using a least squares fitting procedure called
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CURFIT [Bev69]. A chi square value gives a level of the goodness of fit, with a low 
value (~1) indicating a good fit. However the chi square value has two components, the 
statistical uncertainty of the data and the deviation between the real spectrum and the fit. 
Therefore a large chi square value may indicate a large statistical uncertainty due to a 
large number of counts rather than a poor fit and chi square values of up to 25 have been 
found to be associated with good fits [Sek76]. Minor elements (P, S, Cl and K) 
determined in brain tissue were sometimes found to yield large chi squared values 
(although always below 25) and the method of visually checking fits was found to be 
more reliable than relying on chi square data alone. The output from BATTY gives the 
peak area (of the Ka or La peak), the peak error, defined as the standard deviation of the 
peak area,
Sn=JN^2B (2-18)
and the minimum detection limit,
MDL>3.29\fB (2-19)
where N is the number of counts in the peak and B is the number of counts in the 
background taken over 6a  (± 3a  from peak centroid). The use of the factor of 3.29 in 
equation 2.19 is taken from the work by Currie [Cur68] and includes an estimate for 
interelemental interference effects giving a rather conservative estimate of the detection 
limit. A spectrum showing the original data, fitted peaks to the original data and the 
background fit for a Bowen’s kale standard is given in Figure 2.9.
As well as correcting for X-ray attenuation in the mylar filter, detector window, silicon 
dead layer and gold contact layer (which are all incorporated in the detector efficiency 
calculation), PIXAN also corrects for the X-ray attenuation in the sample (or standard) 
matrix. Therefore the equation for the calculation of concentrations (eqn. 2.17) includes 
the integral part of eqn. 2.15 and so the equation becomes :
C  (2.20)
Where Ist and Isa are the integral part of eqn 2.15 for the external standard and sample
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Figure 2.9 Bowen’s kale spectrum with original data, fitted data and background fit.
The program THICK calculates the integral i.e. the calculated X-ray yield. THICK 
requires inputs describing the experimental geometry, including the distance between the 
sample and the face of the detector crystal, the angle between the incident beam and the 
sample normal, the angle between the sample normal and the detector and the diameter 
of the detector crystal. For comparative analysis, using an external standard, these factors 
do not need to be measured accurately as given a constant geometry for sample and 
standard they will cancel out in the equation used to calculate the sample concentration. 
Other data required by THICK includes the incident proton energy, filter thickness, charge 
collected, the elements for which X-ray yields are to be calculated and the matrix 
elements and their concentrations. THICK also employs the detector efficiency which is 
calculated using the theoretical model of Cohen [Coh80]. The model calculates the effect 
of detector thickness and diameter, the thicknesses of the gold contact layer, silicon dead 
layer and the beryllium window and any filters on detector efficiency. For the work 
conducted with the new atmosphere thin window Si (Li) detector a minor correction had 
to be made to the PIXAN code to allow for attenuation in 200nm of Si3N4 rather than in 
8jam of Be.
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2.1.13 Gaussian Peaks.
For Gaussian peaks it would be expected that :
\
(2.21)
where: N0 - Maximum number of counts.
E0 - Energy at maximum R - Resolution (energy) 
(Vzwhk)
Rearrangement of this equation gives:
]nNo _ _  E  + Ep (2.22)
N N  RsJÏ R j2
Therefore ( In N0 /  N)Vz plotted against E will give a straight line for Gaussian peaks with 
gradient = I f R r i l  and intercept = The graphs in Figure 2.10 show the graphs
obtained for the characteristic X-ray peaks of a number of elements in a standard Bowen’s 
kale spectrum. Correlation coefficients were calculated as being -0.9965 for phosphorus, 
-0.9975 for sulphur, -0.9989 for chlorine, -0.9991 for potassium, -0.9962 for calcium and 
-0.9995 for iron. The significance value, p, for all these correlations is < 0.001, therefore 
these Ka peaks can be seen to display good Gaussian distributions. The resolution and 
energy of the characteristic X-ray peaks, calculated from the intercepts and gradients of 
the graphs in Figure 2.10, are given in Table 2.3. Also quoted are the peak energy values 
from the compilation of Storm and Israel [Sto70] and the resolutions as calculated by 
experiment (section 3.1.8c). A plot of calculated peak resolutions against energy gave 
the^resolution at 5.9keV as 145eV, compared to a manufacturer stated value of 140eV.
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Figure 2.10: Gaussian peaks.
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Table 2.3: Peak energies andAresolutions.
Element Peak energy (keV) Peak Resolution (eV)
By calculation [Sto70] By calculation By experiment
P 2.02 ± 0.12 2.01 128 ± 4 109 ± 12
S 2.32 ± 0 .1 2 2.31 111 ± 3 111 ± 12
Cl 2.67 ± 0 .11 2.62 93 ± 2 114 ± 13
K 3.33 ± 0.10 3.31 118 ± 2 120 ± 13
Ca 3.69 ± 0.22 3.68 136 ± 4 123 ± 13
Fe 6.40 ± 0 .11 6.40 151 ± 1 146 ± 16
Although these peaks show good Gaussian distributions it is known that characteristic X- 
ray peaks detected by Si(Li) detectors are not totally Gaussian in nature but have low 
energy tailing [Cam90]. Low energy tailing is thought to be due to charge loss in the 
detector either by the escape of photoelectrons and Auger electrons or because of 
imperfection in the detector crystal [Cam90]. The peaks used here are the Ka peaks (due 
to the larger number of counts) but the Kp peaks have been shown to display greater 
tailing [Yac86]. Unfortunately the shape of the Kp peaks could not be determined here 
due to interference by other spectral peaks.
30
2.2 Rutherford Backscattering (RBS) Analysis.
2.2.1 Introduction.
If a beam of protons is incident on a sample most protons will pass through the sample 
with only a small reduction in energy and a slightly altered direction. However a few 
protons will be scattered at large angles with a significant change in energy. These 
protons have been scattered elastically by the Coulomb repulsion between the nuclei of 
the target atoms and the protons and are known as Rutherford Backscattered protons. 
This phenomenon was first noticed by Geiger and Marsden [G eill] while verifying 
Rutherford’s work [R utll] on the structure of the atom.
The backscattered protons can be detected by a silicon surface barrier detector and the 
spectrum obtained used to quantitatively calculate the main matrix elements of a sample. 
This information is required as an input to the program PIXAN [Cla83], [Cla87], to make 
corrections for the loss of energy of the protons as they pass through the sample and the 
attenuation of the emitted characteristic X-rays, therefore making the comparator method 
more accurate in ensuring that matrix differences between the sample and standard are 
largely eliminated. The matrix composition is also required to calculate proton ranges in 
the sample.
The three main factors used in RBS spectrometry are the kinematic factor, K, the 
scattering cross-section, a  and the stopping cross-section, S(E).
2.2.2 Kinematic factor.
The kinematic factor, K, is the ratio of projectile energy before and after the collision with 
a target nuclei:
Where E0 is the original proton energy and E1 is the backscattered proton energy.
The equation for K can be calculated using simple billiard ball collision arguments.
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Assuming an elastic collision with conservation of energy and momentum it can be shown 
that: ( iX S v ç g  V o jo . f< cx*kQ . o f  « 2 ^ è x î2 r C Q ^ .
[ 1  - ( M 1/ M 2) 2s m 2 0 ] 2 + ( M 1/ M 2 ) c o s 0 (2.24)
Where M2 - mass of the projectile
M2 - mass of target atom
0 - angle of deflection for projectile, (see figure 2.11).
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Figure 2.11: RBS geometry.
For a fixed detector position 0 becomes fixed and is known. This means that if the 
backscattered proton energy is measured the mass M2 can be calculated and the element 
present identified. A larger target mass will have a smaller effect on the projectile energy, 
therefore heavier elements appear on the higher energy end of the spectrum and lighter 
elements at the lower end. The kinematic factor can therefore give a qualitative analysis 
of the backscattered proton spectrum.
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2.2.3 Cross-sections.
The differential scattering cross-section is the probability of a backscattering collision 
occurring and being detected and needs to be multiplied by the detector solid angle to 
obtain the absolute scattering cross-section. The differential cross-section is given by:
Since the scattering cross-section reflects the probability of a backscattering collision 
occurring it gives a quantitative value for an element, therefore for the correct 
concentrations to be obtained it is essential to use an accurate cross-section value. It has 
been found [Lau51] that for low Z elements at some specific energies resonant reactions 
occur resulting in a much increased scattering cross-section. Therefore during analysis 
instead of using the Rutherford scattering cross-section (RSC) given above for low Z 
elements (Z<14) the elastic scattering cross-section (ESC) is used. These values have 
been tabulated [Rau85]. For higher Z elements (Z>14) the RSC and ESC are not 
significantly different.
The stopping cross-section, S(E), gives a measure of the energy lost per unit length for 
the projectile corrected according to the target density as already described in section 2.1.6
2.2.4 Spectrum appearance.
Each element detected in the sample results in a rectangular signal in the spectrum (Figure 
2.12). The signal will be in a channel position that is dependant on the target element’s 
mass and will have a height dependant on its concentration in the sample. In a thick 
sample the signal from each element will extend back to zero energy since the 
backscattered protons originate at different points in the sample and the energy of the 
backscattered proton is attenuated as it passes through the sample matrix. The spectrum
(2.25)
Where: M1 , M2
Zj , Z2 
0
e
- projectile and target mass respectively
- projectile and target atomic numbers
- scattering angle
- electronic charge (1.602 xlO'19 C)
- permittivity of free space (8.854 xlO"12 Em"1)
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appearance is therefore a series of steps.
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Figure 2.12: Theoretical RBS spectrum appearance.
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Figure 2.13: RBS spectrum from reference material Bowen’s kale.
Figure 2.12 shows the theoretical RBS spectrum obtained from a sample containing two 
elements of mass M and m resulting in steps in the backscattered spectrum of heights H 
and h respectively. In actual fact the side of the step will not be completely vertical but 
will have a slope dependant on the detector resolution and solid angle. A RBS spectrum 
from the standard material Bowen’s kale, obtained by experiment is shown in Figure 2.13.
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2.2.5 Spectrum analysis.
The software XRBS, developed by Jeynes, Webb and Kalsi [Jey92] and later rewritten for 
Xwindows by Robinson [Rob93] is used to identify which steps in the backscattered 
spectrum are due to the presence of which elements. By typing in the channel number 
of one known element (usually that of carbon in Bowen’s kale), the angle of take-off 
(165°), the beam energy (2000keV) and the ion used (H) the software is able to calibrate 
the spectrum and so locate the step due to any specific element. The take-off angle does 
not need to be accurately measured since change in kinematic factor with element (for the 
low Z elements detected) is much larger than the change in kinematic factors with angle 
(Figure 2.14) so elements can still be accurately identified with large errors in the 
measurement of the angle.
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Figure 2.14: Change in kinematic factor with element and scattering angle, values
taken from Chu [Chu68].
Regions of interest can then be set up at the top and bottom of each step to find the step 
height. The atomic ratio of each element to carbon (for example) can then be calculated 
using the equation:
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m _ HAoB (EJ [S(E)]aB 
n H b o a  ( E J
(2.26)
where:
m/n - ratio of atoms of element A to element B 
Ha/Hb - ratio of signal height A to B 
S(E) - stopping cross-section.
The stopping cross-section ratio for elements of similar Z in the same matrix (AB) is 
approximately equal to unity [Chu78],
(2.27)
S (E )f
and therefore the equation becomes:
m _ ^ a 0s (^ 'o) 
n Hboa{Eq)
(2.28)
where the Rutherford scattering cross-section is used for Z>14 and the elastic scattering 
cross-section is used for Z<14. The ratio of each element to carbon (for example) can be 
calculated and the percentage composition of the sample can be determined by assuming 
that the elements detected make up 100% of the sample. A Fortran routine was written 
to calculate element composition percentages from the step heights.
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2.3 Instrumental Neutron Activation Analysis (INAA).
2.3.1 Introduction.
Samples to be analysed by neutron activation analysis are generally irradiated in a 
research reactor A reactor is needed to provide the high neutron flux required. Fast 
neutrons produced by the fission of U235 are slowed down by collisions in the moderator 
to produce thermal neutrons. The interaction of fast and thermal neutrons with target 
nuclei will result in the production of unstable radionuclides which will subsequently emit 
protons, alpha particles, neutrons and gamma rays. The delayed gamma rays emitted as 
a result of the capture of thermal neutrons by target nuclei can be detected and their 
discrete characteristic energies used to identify the parent nucleus, this is the most 
commonly used method of neutron activation analysis. In radiochemical NAA the sample 
is separated into its constituent elements so that the signals from less abundant 
radionuclides are not obscured by the few dominant radionuclides and the detection 
sensitivity is considerably increased. However this technique has the disadvantage of 
being time consuming, is not always multi elemental and is destructive, not allowing the 
same sample to be analysed by an alternative technique.
2.3.2 Reactions.
2.3.2a Radiative capture.
Radiative capture reactions predominate in a thermal neutron spectrum and are generally 
utilised in neutron activation analysis. In these reactions thermal neutrons are captured 
by target nuclei to form excited compound nuclei. The compound nucleus will decay 
(within —1014 seconds) by the emission of prompt gamma rays. The resulting nucleus 
may be stable (eqn. 2.29) or unstable. In the latter case the nucleus will further decay 
usually by the emission of beta-negative particles followed by delayed gamma rays (eqns. 
2.30 & 2.31).
[Qn+ ÀzX-~Az ^ ' X - À2 XX+y (prompt) (2.29)
if unstable:
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r'M:|r+°iP (2.30)
Analysis can be performed by the detection of prompt gamma rays as the sample is 
irradiated using an external beam, however problems may arise due to neutron damage 
of the detector and gamma rays arising from materials other than the sample. In addition 
the sensitivity is decreased due to the generally considerably reduced neutron flux in the 
external beam. Analysis here was by the detection of the delayed gamma rays, where the 
samples were irradiated in the core of the Imperial College Consort II reactor and the 
delayed gamma rays counted after sample removal from the reactor and suitable decay 
times.
2.3.2b Transmutation.
In transmutation reactions the incident neutron is absorbed by the target nucleus and a 
charged particle is emitted, e.g. (n,oc) and (n,p) reactions. For transmutation to occur the 
neutron must have sufficient energy to overcome the threshold energy required for the 
reaction to take place. Therefore, generally, neutrons involved in transmutation reactions 
are fast neutrons. In a reactor with a good fast neutron flux these reactions can be made 
use of analytically, however they usually offer only poor reaction cross-sections. In the 
work conducted here the radiative capture of thermal neutrons was used for analysis and 
the transmutation reaction were undesirable since they led to interference of the desired 
spectrum. For example, in the analysis of biological tissue aluminium concentrations may 
be of interest (particularly in the analysis of Alzheimer brain tissue), however the 
27Al(nth,y)28Al reaction (th=thermal neutrons) of interest is complicated by interference 
from the 31P(nf,a)28Al reaction (M ast neutrons) with phosphorous which gives the same 
aluminium isotope. Although the 28Si(nf,p)28Al reaction also produces the same aluminium 
isotope the contribution to 28 AI from this reaction will be lower since the quantity of 
silicon in the brain is about 100 times lower than that of phosphorus (the fractional 
isotopic abundances and cross-sections for the two reactions are not significantly 
different).
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2.3.2c Inelastic scattering.
In inelastic scattering reactions the incident neutron is scattered with a loss in energy and 
a gamma ray is emitted.
2.3.3 Spectrum analysis.
The number of target nuclei (NA) of an element z x  of mass m is equal to:
* A  =
m N A v f (2.32)
Where: NAV
f
A...
Avogadro's constant (6.022lôÇxlO^moV1) 
fractional isotopic abundance, 
atomic weight
The rate of production of z+ x  is equal to the rate at which it is formed minus the rate 
at which it decays. Therefore if the number of nuclei of element A+l is NA+1 , the rate 
of production is,
d t
= $ o N A - \ N A + i (2.33)
where: (j)
a
X
thermal neutron flux (in ncm 'V 1) 
reaction cross-section (in cm2) 
decay constant (in s'1)
Integrating this expression gives:
(2.34)
where: tj - irradiation time (in s)
And since the activity at the end of the irradiation, Aj=NA+1X:
A.=$oNA( \ - e  ‘ ) (2.35)
The activity of A l X  at the end of the waiting time tw is:
A w = A i e
(2.36)
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and the activity at the end of the counting time, tc is equal to:
(2.37)
The number of nuclei decayed in the counting time is:
(2.38)
Therefore:
(2.39)
The detector response (the number of full energy photopeak counts) will be dependant on 
the branching ratio for the gamma-ray of interest (ly) and the detector efficiency (fcy) at 
that energy. Therefore the detector response is equal to:
2.3.4 Absolute, multi-comparator and single comparator (k0) methods of analysis.
Elemental concentrations can be calculated by the absolute method using the above 
equations, however this is not usually the case due to uncertainties in the reaction cross- 
section, decay constants, branching ratios, neutron flux and detector efficiency. The poor 
knowledge of nuclear constants leading to systematic errors of up to 20% [Sim92b]. 
Using a mutli-elemental comparator of certified concentration, such as those obtained from 
IAEA and NIST, for a particular element (and a specific gamma-ray) the reaction cross- 
section, decay constant, branching ratio and detector efficiency cancel out. However, 
there is still some uncertainty in the neutron flux since this varies along and across the 
sample tube and depends on the position in the reactor core. Therefore a flux monitor is 
used to calculate the ratio of the neutron flux at the sample position to that at a standard 
position. The use of multi-elemental standards was chosen for analysis for the work 
presented here. However, the use of multi-elemental standards carries certain 
disadvantages. The standard takes up valuable space in the irradiation tube and extra time
(2:40)
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must be spent in collecting spectrum data and analysing it. In addition the element of 
interest must be present in the standard for its concentration to be calculated in the 
sample.
To remove these problems the method of a single comparator was suggested [Gir64]. In 
this method one element is chosen and concentrations calculated relative to it using 
experimentally determined factors dependant on nuclear constants (k factors). The 
problem with these initial k factors was that they were dependant on the irradiation 
position and detection system used, for irradiation facilities with many irradiation positions 
the k factors for each position had to be established. In 1969 De Corte [DeC69] 
suggested a method of calculating the k factor for an analytical irradiation channel from 
a known (or reference) channel using epithermal to thermal cross-section ratios and 
epithermal to thermal flux ratios. In 1970 Maenhaut [Mae70] came up with the idea of 
using 2 isotopes from the same material to calculate the epithermal to thermal cross- 
section and flux ratios and zirconium wire was found to be an excellent monitor element 
for this purpose.
2.3.5 Flux monitors.
Materials used for flux monitors should have certain properties and zirconium meets many 
of the requirements. Zirconium has isotopes which can be used to monitor both the 
thermal neutron flux (the 93Zr isotope emitting gammas of 724keV and 757keV) and the 
fast neutron flux (the 89Zr isotope emitting gammas of 909keV). The isotopes also have 
suitable half lives (95Zr, t%=65 days and 89Zr, t1/2=78 hours). Isotopes with short half lives 
require rapid counting whereas isotopes with long half-lives will need long irradiations. 
Zirconium is available in a high purity form thus avoiding spectral interferences from 
other elements and can be obtained as wires which means the required length can be cut 
and self-shielding effects are minimised.
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Figure 2.15: Growth during irradiation and decay after irradiation.
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Figure 2.16: Blood serum spectra counted after various waiting times
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2.3.6 Choice of irradiation and counting times.
The half-life of a particular nuclide determines not only the rate of its decay but also the 
growth of the activity during irradiation (Figure 2.15). Therefore irradiation and waiting 
times can be chosen to favour a particular nuclide. For example Figure 2.16 shows part 
of the spectra (collected after two different waiting times) obtained from a blood serum 
sample irradiated for almost 48 hours . In the first spectrum (t*= ll days) the gamma 
lines for 82Br (t%=35.8 hours) can clearly be seen (554keV, 619keV, 777keV and 698keV) 
but the signal to noise ratio for the 75Se (t%=121.5 days) lines is poor whereas in the 
second spectrum (t^ = 21 days) the 82Br has decayed almost to background and the signal 
to noise ratio of the 75Se is improved by a factor of two. It can be seen that collecting 
spectra after several waiting times can increase the number of elements detected and the 
sensitivity obtained.
Isotopes can be chosen for analysis to reduce the required irradiation times, therefore 
saving money. For example instead of using the 75Se isotope (half-life = 1 2 0  days) the 
77mSe (half-life 17seconds) isotope can be used.
2.3.7 Computer analysis of spectra.
The software package SAMPO80 [KOS81] was used for analysis of all spectra. This 
software consists of three main programs, SAMPOSHAPE, SAMPOFIT and SAMPOID. 
SAMPOSHAPE determines shaping parameters for the fitting of peaks to the data, 
SAMPOFIT carries out a peak search and fitting and SAMPOID can be used to identify 
peaks. SAMPOID was not employed in this work as the gamma lines were identified by 
using the gamma energies output by SAMPOFIT and tables of isotopes, therefore 
SAMPOID will not be discussed further here.
SAMPOSHAPE fits a series of shaping parameters at suitable intervals to the reference 
spectrum. An europium source was used to obtain the reference spectrum due to the wide 
range of gamma-ray energies produced in its decay (Table 2.4). SAMPOSHAPE 
describes full energy photopeaks by a Gaussian shape with exponential tails and a linear 
background. The parameters set describe the Gaussian FWHM and the distance from the 
peak centroid to the start of the exponential. The background continuum is described by
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its slope and constant. The goodness of fit for the shaping to the reference spectrum is 
described by a sigma value and an error correlation. The sigma value is the square root 
of the conventional chi-square value and should be less than 5 for a good fit. The error 
correlation is similar to the chi-square value but also includes the number of channels 
fitted and the number of parameters used, the error correlation should lie between -1 and 
+1. Poorly fitted peaks can therefore be rejected from the shaping. Shaping only needs 
to be conducted once for each bank of samples providing measuring conditions remain 
stable. An example output from SAMPOSHAPE for one peak is shown in Figure 2.17.
SAMPOFIT searches for peaks by summing over a number of channels determined by the 
FWHM found from the reference spectrum and looking for minima. Peaks are fitted, 
using a least squares fit, by the modified Gaussian described by the shaping parameters 
and the background described by a parabola. Peak areas are finally corrected for 
efficiency and the peak energy calculated. In the case of comparative analysis it is not 
necessary to correct for efficiency. The output is in the form of peak energies, peak areas 
and their associated statistical errors. SAMPO gives no detection limits, however since 
errors are quoted, these can be used to calculate the background and thus the detection 
limits.
2.4 Conclusions.
Three multi-elemental techniques for the elemental analysis of materials have been 
described. The techniques are complementary to each other, RBS analysis determining 
the bulk matrix composition, essential for accurate analysis by PIXE and IN A and PIXE 
analyses determining a wide range of minor and trace element concentrations.
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Table 2.4: Gamma rays emitted in the decay of 152Eu [Kno79].
Energy (keV) Relative Intensity
121.8 141.0 ± 4.0
244.7 36.6 ± 1.1
344.3 127.2 ± 1.3
367a 4.19 ± 0.04
411.1 10.71 ± 0 .11
444.0 15.00 ± 0.15
488.7 1.984 ± 0.023
586.3 2.24 ± 0 .0 5
678.6 2.296 ±0 .028
688.7 4.12 ± 0.04
778.9 62.6 ± 0.6
8674 20.54 ± 0.21
964.0 70.4 ± 0.7
1005.1 3.57 ± 0.07
1085.8 48.7 ± 0.5
1089.7 8.26 ± 0 .0 9
1112.1 65.0 ± 0.7
1212.9 6.67 ± 0.07
1299.1 7.76 ± 0.08
1408.0 100.0 ± 1.0
1457.6 2.52 ± 0.09
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3. Experimental Arrangement.
3.1 Ion beam analysis equipment.
3.1.1 Van de Graaff accelerator.
Protons were produced and accelerated by means of a Van de Graaff generator. The 
proton energy of this electrostatic, belt charging generator can be adjusted between 
500keV and 2MeV . , :
A 2MeV proton beam was selected for the work conducted here for the reasons already 
discussed in chapter 2.
3.1.2 Beam line.
The beam line arrangement is shown in Figure 3.1. On exiting from the accelerator the 
proton beam was guided into the beam line of choice by a switching magnet. For the 
PIXE and RBS work conducted here beam line 5 was selected. Steering plates were used 
to guide the beam into the end chamber of line 5 by adjusting the voltages applied to 
them to obtain a maximum beam current in the target chamber. After travelling through 
the steering plates the beam passed through a pair of control slits. A change in the beam 
current hitting one of these slits indicated a slight change in the beam energy resulting in 
a change in the deflection of the beam by the switching magnets. A differential feedback 
signal from the control slits can therefore be used to stabilise the beam energy. An 
aperture was then used to select an approximately rectangular section from the centre of 
the Gaussian beam (Figure 3.2). Apertures of 25pm, 50pm, 250pm and 1mm diameters 
were available delivering maximum currents of approximately 70pA, 2nA, lOnA and 
70nA respectively. The aperture of choice was screwed into the beam line with the use 
of a micrometer gauge. Quartz viewers could be placed in the beam line to allow visual 
confirmation of the beam size and shape.
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Figure 3.1: Experimental arrangement for PIXE and RBS analyses.
For most of the work presented here the largest, 1mm, aperture was selected. The 
demagnification of the magnets reduced the beam diameter by a factor of, at best, 5  
(with optimum magnet alignment), however since good spatial resolution was not a 
primary concern in the analysis of homogenised tissue beam diameters were probably 
larger thanXOOjam. The large aperture was selected to reduce sample heating effects and 
to analyse the largest possible sample area to reduce the effect of inhomogeneities. For 
the same reasons the beam was also scanned over an area ~4mm2 of the sample surface. 
The scanning hardware and associated software are described in section 3.1.3. Russian 
quadrupole magnets were used to focus the beam at the sample position. The Russian
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quadrupole arrangement employed was the same as that used by the Harwell group 
[Coo72]. This consists of four quadrupole lenses, each consisting of four alternating north 
and south poles. Although focusing magnets are primarily for obtaining small diameter 
beams for micro-PIXE applications, focusing of larger beams ensures a uniform beam and 
so reduces the possibilities of ’hot spots’ causing sample damage. Careful collimation and 
focusing of the proton beam also reduces the beam halo surrounding the main beam spot. 
This halo can cause significant interference to the desired spectrum if it hits a surrounding 
material containing large quantities of an element present in trace quantities in the sample 
itself [Nob75].
APERTURE
DISTANCE ACROSS BEAM
Figure 3.2: Aperture selection of a rectangular section from the Gaussian beam
The whole beam line was held at a vacuum of 10"7 torr to reduce the scattering of protons 
from air molecules. The vacuum was held between an automatic gate valve at the 
accelerator end of the beam line and a manual gate valve at the target end. The manual 
gate valve allowed the target chamber to be brought up to atmospheric pressure to allow 
the sample plate to be changed whilst keeping the beam line at vacuum.
Details of the method used for alignment and focusing of the proton beam prior to sample 
analysis have been given in Appendix I.
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3.1.3 Beam scanning.
During the course of this PhD the beam electrostatic scanning facility was updated 
[Mil94]. The new hardware and associated software allowed data to be collected from 
individual pixels and so enabled the production of 2 dimensional element concentration 
maps. The use of transputers allowed programs to be run in parallel, enabling the beam 
to be raster scanned and the data collected and displayed on a screen in real time.
The scan position and size and the speed of beam movement were user defined. The 
maximum deflection of the beam covered 4095 pixels in both the x and y directions, 
(since this gives a beam deflection of ~ 2mm, 1 pixel ~ 0.5pm). Since the maximum data 
which could be collected (due to memory constraints) was from 128 pixels by 128 pixels, 
for data collection over a maximum area the step size was 32 pixels (=4095/128). 
Therefore in scanning homogeneous samples the start position (x,y) was set to (0,0) and 
the step size to 32 pixels (~ 16pm). The disadvantage of this system is that in order for 
the beam position to be moved on the sample the scan area had to be decreased. 
Therefore great care was taken in the initial set-up to accurately align the proton beam 
with the sample and so avoid having to alter the scan parameters to position the beam on 
the sample later.
Table 3.1: Scanning parameters employed, iuanv2 5cc*oa<$2£>.
2-fvXe_V" losicwnr-i.
X start position (0 - 4095) 0
Y start position (0 - 4095) 0
Scan step size (0 - 32, in units of -0.5pm) 32
No. of pixels per line 128
No. of lines 128
Dwell time (1 - 32, in units of 64ps) 
\ s  pox frcuxL
1
The user could also control the number of frames scanned (i.e. the number of times the 
beam passed over the scan area) up to a maximum of over 32,000. Generally a large 
number of frames was selected and the beam stopped manually when the required current
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had been collected. The speed of beam movement was controlled by setting the time the 
beam remained stationary on each pixel. This could be set in time blocks of 64p,s, from 
64|is to a maximum of about 2s. Therefore for a dwell time of 1 the beam remained 
stationary in each pixel position for 64|is. This was the dwell time selected for the 
analysis presented here to reduce sample heating effects. The scanning parameters used 
for the majority of the analysis have been summarised in Table 3.1.
3.1.4 Target chamber.
The target chamber was constructed of aluminium. Aluminium has the advantage of 
producing low energy X-rays which can be filtered from the spectrum by a Be window 
or a mylar filter (or both). The target chamber design is shown in Figure 3.1. Early 
chamber designs positioned the Si(Li) detector at 90° to the incident beam to give the 
smallest possible sample to detector distances [Fel72]. However a Si(Li) detector 
positioned at a backwards angle to the incident beam has been found to reduce detected 
background counts by a factor of two due to the anisotropic nature of secondary 
bremsstrahlung [Joh88]. The Si(Li) detector was therefore positioned at 145° to the 
incident beam. This position also holds the advantage of reducing the absorption of 
detected X-rays by the sample itself. The optimum position for the surface barrier 
detector is at 180° to the incident beam to give maximum differences between Kinematic 
factors (eqn. 2.24) and so offer maximum resolution. However for this case an annular 
detector would be required to allow the passage of incident protons, the surface barrier 
detector was therefore placed at 165° to the incident beam. An aperture was placed over 
the surface barrier detector and further collimation achieved with black insulation tape to 
reduce the dead time of the detector.
A multi-target sample holder allowed thirteen samples and two standards to be mounted 
in the target chamber at a time. This saved time not only in reducing the number of times 
the target chamber had to be pumped to vacuum but also in reducing waiting times for 
the cooling and warming of the liquid nitrogen cold finger. (It was necessary to warm 
the cold finger before opening the target chamber to prevent the condensation of water 
vapour on the surface of the samples.) The target plate was held on a goniometer which 
allowed each sample to be positioned in turn in front of the proton beam using a stepper
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motor with steps of 12.5|j,m. The goniometer allowed two dimensional movement so the 
proton beam could be focused onto the surface of samples of varying thickness, however 
the lack of any rotational movement ensured that the samples were always held at a 
constant orientation to the incident beam and detectors.
The beam position, relative to the sample, was adjusted with the use of an optical viewing 
system. A 90° prism passed the sample image from the target chamber to an external 
eyepiece. Various strength lenses could be positioned in the system at a variety of 
positions to give differing magnifications. Low magnification, allowing visualisation of 
the entire target plate, was used for the positioning of the beam on the samples. An 
objective lens, mounted on a moveable arm and operable from outside the target chamber, 
allowed additional magnification. The samples were viewed at maximum magnification 
for accurate positioning of the sample in the z (beam) direction. A window and an 
external lamp were necessary for target visualisation. Since the atmosphere thin window 
(ATW) Si(Li) detector was sensitive to light an aluminium plate could be fitted to the 
viewing window during data collection to block off external light.
3.1.5 Current measurement and electron suppression.
The total charge collected in a run must be measured if accurate quantitative analysis is 
to be conducted. The sample plate was attached to a current integrator to give the total 
charge collected for each sample. Since secondary electrons can be a source of erroneous 
readings of proton charge>electron suppression is required. Initially this was in the form 
of a negatively biased ring electrode positioned in front of the target plate, as used by 
Malmqvist [Mal82]. However this was sometimes found to cause obstruction to the 
moveable objective lens of the microscope. Therefore the ring electrode was removed and 
the method of applying a positive bias to the target plate [Knu80] was employed. A 
voltage of +100V has been found to be sufficient for electron suppression [Ars91], in this
work the lead of Arshed was followed and a suppression of +200V was employed.
\
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3.1.6 Sample charging.
Since this work involved the analysis of thick insulating biological samples steps had to 
be taken to guard against sample charging. With non-conducting samples a charge builds 
up on the sample surface resulting in periodic discharging accompanied by the emission 
of X-ray bremsstrahlung. This results in the decrease of signal to noise ratios and so the 
worsening of detection limits. Charging samples can easily be identified by the large 
background continuum on collected spectra and the occasional flicking to zero of the 
current indicator needle. The most common method used to eliminate sample charging 
is the evaporation of a low atomic number, conducting element, such as carbon, onto the 
sample surface. This technique was used by Tapper [Pap78]. The disadvantage of using 
this method is the possibility of introducing contaminants. A slight variation on this 
technique is to mix a conducting substance in with a powdered sample before pelletizing 
[Wil77]. This holds an even higher risk of contamination plus possibly additional 
problems due to non-uniform mixing. The technique is also limited to samples which can 
be made into a powder. Another much used approach is the electron gun, where the 
sample is sprayed with enough electron current to keep the sample neutral. The electrons 
can be produced by the positioning of a thin metal foil in front of the sample [Cha81], 
however, the beam diffusion produced will not be acceptable in microbeam work. 
Alternatively a heated filament can be used as the electron source [AM75], but this, 
particularly when tungsten is used, can lead to sample contamination. The method used 
here to prevent sample charging of the biological samples was a layer of carbon dag (high 
purity carbon suspended in high purity water) painted along the edge of each sample to 
provide a conducting pathway to the aluminium backing plate. Care was taken that no 
dag was painted on the sample front surface.
3.1.7 Sample heating and elemental loss.
As the proton beam travels through the sample there is a deposition of energy which will 
result in heating of the sample. There have been a number of attempts to investigate 
whether the technique of PIXE analysis is truly non-destructive or if it is possible that 
there may be a loss of some volatile elements due to sample heating.
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A study by Kirby et al. [Kir91] found losses in concentrations of hydrogen, sulphur and
uunecanoûdi .
chlorine during irradiation of rat kidney with a 3MeV, lOfim diameter^proton beam. The 
authors varied the current density from 3 xlO'13A|im '2 to 1.1 xlO"nA|i.m"2 and found that 
the size of elemental loss was directly related to the current density. Kirby found that 
elemental losses occurred rapidly with the main loss of hydrogen being within the first 
0.2|aC of charge collection. Legge et al. [Leg80] also observed losses of chlorine in algae 
with concentrations falling rapidly in the first minute of irradiation with a 3MeV proton 
beam of current density 8.8 xlO'nA|j,m"2.
In contrast Campbell et al. [Cam75] found no elemental losses with a 0.5p.A beam (of 
several mm diameter, current density ~7xlO‘14A|um"2) when studying kidney and liver 
samples. However, the first spectrum was collected after some 10 minutes of irradiation 
when, according to the work of Kirby and Legge, most loss will already have occurred.
It is believed that the effects of sample heating can be reduced by conducting heat away 
from the sample surface [Vis85]. For this reason, samples were made relatively thin 
(-1m m  thickness), although still thick enough to completely stop the incident proton beam 
(range of 2MeV protons in dehydrated brain tissue -50pm ). A cold finger was also fitted 
to the target chamber to lower the sample temperature. This consisted of a liquid nitrogen 
reservoir connected by copper braiding to a copper plate on which the sample plate was 
mounted. The carbon dag applied to the sample edges to prevent charge build up also 
served to conduct heat away from the sample surface. To examine the effects of sample 
heating in the experimental conditions employed in the analysis presented in this thesis 
a 2 MeV proton beam of 8nA was scanned over the surface of a porcine brain tissue 
sample. The current density was 1.0 xlO"15Ap,m"2 which is somewhat less than that used 
in the studies by Kirby and Legge. The resulting X-ray spectra were collected at 0.2p.C 
intervals between 0.4p,C and 3p,C of charge collection. According to the work of Legge 
and Kirby any elemental loss would be expected to occur rapidly (possibly within l(iC 
of charge collection). It appears visually from Figure 3.3 that there were no concentration 
loss for any of the elements detected using a low current, large diameter beam, scanned 
over a cooled sample surface. However, the gradients of lines of least square fit applied 
to the graphs all displayed negative values (Table 3.2) and in the case of P, S, Cl, Ca and
5 8
Cu there may be elemental losses of a few percent.
Table 3.2: Gradients of lines of least square fit applied to graphs of elemental
concentration against charge.
Element Gradient
P -28.3 ± 9.9
S -28.3 ± 9.9
Cl -31.6 ± 14.7
K -23.1 ± 34
Ca -10.1 ± 3.4
Fe -0.37 ± 4.1
Cu -0.13 ± 0.07
Zn -7.6 ± 8.6
For analysis conducted with higher current beams, or a microbeam, the effects of sample 
heating with the new experimental conditions would need to be carefully examined. The 
errors shown in Figure 3.3 are due to counting statistics and are therefore 
uncharacteristically large due to the small charge collected. Charge collection during 
sample analysis was typically three times the maximum shown in Figure 3.3 and therefore 
associated errors were substantially reduced, particularly for the trace elements.
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Figure 3.3: Elemental status with irradiation by 2MeV, 8nA proton beam.
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3.1.8 Lithium drifted silicon detector.
3.1.8a Introduction.
A Si(Li) detector is most often used in PIXE analysis for X-ray detection. The Si(Li) 
detector offers multielemental analysis with a good efficiency between 3 and 20keV. 
Although the resolution is better for germanium detectors at medium and high gamma ray 
energies the two detector resolutions are comparable for X-ray energies. The construction 
and properties of Si(Li) detectors have been described by Knoll [Kno89].
The work presented here was conducted with the use of two different Si(Li) detectors. 
The first was of the conventional type with a 8pm beryllium window. Due to the fracture 
of this delicate beryllium window the window was subsequently replaced with a ’state of 
the art’, atmosphere thin window (ATW) of 200nm thickness and composed of Si^N .^ 
This window, unlike the Be window, allows the transmission of X-rays from low atomic 
number elements and so enables the detection of elements with Z>5 (boron), compared 
to Z>11 (sodium) for the Be window detector. At the same time the detector crystal was 
replaced, in effect resulting in a brand new detector. The old Be window detector has 
been characterised on several occasions to various extent [Goo89], [Ars91], [Bea94], 
[Mac94]. Therefore characterisation here concentrates primarily on the ATW detector 
drawing on the Be window detector for comparison.
3.1.8b Energy calibration and linearity.
The response of Si(Li) detectors to the low energy X-rays is very linear provided that the 
applied voltage is high enough (-500V) to avoid significant charge loss due to trapping 
and recombination [Kno89]. It is obviously essential to have good linearity to correctly 
identify X-ray peaks. The energy calibration can be calculated by collecting emission 
spectra from various X-ray sources and plotting channel number against energy. Then:
Ex=Chn *gradient+intercept (3.1)
where: Ex - X-ray energy
Chn - central channel number for that X-ray peak.
For the production of X-rays a variable X-ray source was used. This consisted of a 
370MBq Am241 source held within a stainless steel capsule. The alpha particles from this
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source irradiated various foils placed in a rotating target holder when positioned in turn 
in front of the source. Details of the characteristic X-rays produced are given in Table 
3.3.
Table 3.3: X-ray emission from the variable X-ray source.
Target X-ray energy
Ka
Cu 8.04 8.91
Rb 13.37 14.97
Mo 17.44 19.63
Ag 22.10 24.99
3 0
Grad = 0 .0 1 2 8 9  
Int. = -0 .1 7 6 3 AgK
Corr. C oeff = 0 .9 9 9 9 9 4
AgK
MoK
MoK
RbK
RbK
'T CuK, 
CuK.
20005 0 0 1 5 0 01000
C hannel No.
Figure 3.4: Energy calibration and linearity.
The energy calibration obtained is shown in Figure 3.4 and displays excellent linearity. 
For each ’accelerator run’ the energy calibration was checked using the known X-ray 
peaks of the standard material Bowen’s kale.
3.1.8c Resolution and the Fano factor.
Good resolution is required to resolve adjacent peaks. The resolution is usually defined
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as the full energy peak width at half the peak height (FWHM). In Figure 3.5 the FWHM \ 
has been plotted against X-ray energy for the ATW detector, and the relationship between 
the two found to be linear (t=0.9307) with a gradient of 8.48±0.86 and an intercept of 
91.8±10.4 eV. Knoll shows the resolution for Si(Li) detectors to remain linear to about 
90keV [Kno89]. The points represent not only the Ka and Kp peaks from the variable 
X-ray source but also the major peaks in Bowen’s kale, namely P K^, S Ka, Cl Ka, Cl 
Kp, K Ka, Ca Ka and Ca Kp and from IAEA Animal Blood [Mur85] Fe Ka and Fe Kp. 
The FWHM is usually quoted as that at 5.9keV (Mn Ka peak) since this is easily 
obtainable from a long lived 55Fe source. The resolution quoted by Oxford instruments 
for the ATW detector is 140eV at 5.9keV. The value calculated from Figure 3.5 
compares well at 141.7 ± 15.4eV. The resolution obtained for the peaks can be seen 
to increase more rapidly than for the Kp peaks. Both the Ka peaks and Kp peaks have 
two (or more) component peaks, as the X-ray energy increases the energies of the 
component peaks become further apart, more so for the K% peaks than the Kp peaks. For 
example, for silver the K ^ peak is at 22.163keV and the Ka2 peak at 21.990keV. 
Although these peaks cannot be resolved by the Si(Li) detector they cause a broadening 
of the Ka peak. The Kp peaks are much closer in energy at 24.912keV and 24.943keV.
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Figure 3.5: FWHM variation with energy.
The resolution of the old Be window Si(Li) detector was measured to be 141eV in 1991 
[Ars91], 150eV in early 1994 [Bea94] and 160eV towards the end of 1994 [Mac94] 
slightly before it was replaced. The resolution of Si(Li) detectors is known to worsen 
with time and it is thought that formation of ice on the detector crystal may be one of the 
causes [Coh82]. The new ATW Si(Li) detector had a facility for ’conditioning’ the 
detector, in which the detector crystal could be heated by a filament to remove the ice 
layer.
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Figure 3.6: Calculation of the Fano factor.
Peak broadening is due to three major causes. One being due to the noise from the 
electronic components used in signal processing (WE), the noise produced in the 
preamplifier is reduced by cooling of the FET with liquid nitrogen. Another source of 
peak broadening is the detector leakage current and any charge collection problems within 
the detector (Wx). The final component is the statistical spread of charge carriers in the 
detector (WD). The total FWHM, WT, is therefore given by:
W2T=W2D+Wl+W2x ( 3 ' 2 )
It is assumed that:
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W2d=2352zFE (3 .3 )
where: e - energy required to create one electron hole pair (~3.76eV for
silicon at 77°K [Kno89].
E - X-ray energy
F - Fano factor.
The Fano factor is an adjustment factor which relates the observed variance in the total 
number of electron hole pairs to the Poisson predicted value. Small Fano factors are 
required for good resolution. The reported Fano factors for silicon detectors vary greatly 
and values quoted in the literature range from 0.084 to 0.16 [Kno89]. The Fano factor 
can be found by plotting the X-ray energy (E) against WT2. The contribution due to the 
total FWHM from the leakage current (Wx2) is small and WE2 is constant over the energy 
range of interest [Kno89], Therefore E can be plotted against WD2(~WT2) (Figure 3.6). 
The Fano factor then being given by the gradient divided by 2.352e. The Fano factor was 
calculated as being equal to 0.113 ± 0.036. This will be a slight overestimate of the 
factor due to the neglect of the Wx2 term.
3.1.8d Distance of the crystal behind the ATW.
If a source is placed coaxial to the detector and the distance between the source and the 
detector varied the inverse square law can be employed to calculate the depth of the active 
region behind the window. Since the ATW Si (Li) detector was sensitive to light the 
target chamber had to be sealed during the collection of spectra. It was therefore decided 
that it would be preferable to keep the source stationary and move the detector. This also 
holds the advantage that the detector will move along a fixed axis. Figures 3.7 - 3.10 
show the change in counts with distance for the Ka and Kp peaks from the Ag and Mo 
sources. The intercepts give the distance between the detector window and the crystal and 
were calculated as being 13.9±0.4mm, 12.5±l.lmm, 14.3±0.5mm and 14.2+1.2mm for the 
MoK*, MoKp, AgKa and AgKp peaks respectively. The mean (± 1 standard deviation) 
for all energies was calculated as being equal to 13.7mm ± 0.7mm.
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3.1.8e Detector efficiency and filters.
Filters are fitted to Si(Li) detectors to reduce low energy bremsstrahlung and large X-ray 
peaks from minor elements and so enhance the detection of smaller peaks from trace 
elements. The type of filter required is dependant upon the sample matrix and its minor 
and trace elements. For biological materials the low atomic number elements (e.g. P, S, 
Cl, K, Ca) are present in minor quantities whereas the higher Z elements (e.g. Fe, Cu, Zn, 
Br, Rb) are present in trace quantities. With no filtering detector dead times are high and 
detection limits for the trace elements are poor. Therefore mylar (C10H8O4) filters are 
often used to attenuate the low energy X-rays (and low energy bremsstrahlung) without 
generating interfering characteristic X-rays in the spectrum. A mylar filter thick enough 
to reduce dead times to satisfactory levels does not allow the detection of X-rays from P 
and S in biological materials [Bea94]. Although the data could be collected twice, with 
and without a filter, this is time consuming and a better approach is to use a pinhole or 
’funny’ filter [Har73]. In this filter a hole is made in the centre of the mylar so that a 
known fraction of X-rays can pass through the hole unattenuated. For the Be window 
detector a 350pm thick mylar filter with a hole of 2.92mm diameter (-24%  of the detector 
active area) was used. Theoretical efficiencies calculated using the model of Cohen 
[Coh80] for no filter, a 350pm thick mylar filter and the pinhole filter described above 
are plotted in Figure 3.13.
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Figure 3.11: Bowen’s kale spectrum obtained when using the 45pm filter.
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With the ATW Si(Li) detector elements can be detected down to boron. Therefore a 
pinhole filter allows the passage of not only X-rays resulting from the minor and trace 
elements but also from the major elements C, N and O. Attempts were made to eliminate 
(or at least reduce) the C, N and O peaks from the spectrum by the use of a small pinhole 
(<1 mm diameter). However it was found that the ability to detect X-rays from P and S 
was lost before the C, N and O peaks were reduced to tolerable levels. It was therefore 
decided that a thin (45jum) mylar filter should be used which would remove the C, N and 
O peaks but allow the detection of P and S. However, due to the large number of P, S 
and Cl X-rays being detected, a number of sum peaks were found in the spectra which 
interfered with the detection of trace elements (Figure 3.11). Sensitivity for the trace 
elements was also found to be poor (Figure 3.15). Finally a combination of filters was 
used. This consisted of a pinhole filter (350pm thick, 2.92mm diameter hole) with the 
45pm filter underneath it. This combination filter removed unwanted C, N and O peaks, 
allowed the detection of P and S, reduced the large sum peaks (by reducing the X-rays 
detected from the minor elements) and reduced dead time levels (Figure 3.12).
Figures 3.11 and 3.12 show the spectra collected for lOpC of charge collection from a 
Bowen’s kale standard for the 45pm filter and the combination filter respectively. The 
larger peak areas obtained when using the combination filter for the trace elements Mn, 
Fe, Zn, Br, Rb and Sr is clearly seen. The peaks in the energy range 5-7keV which are 
seen in Figure 3.11 but not Figure 3.12 are sum peaks from the intense P, S, Cl, K and 
Ca peaks.
The change in detection limit with atomic number for the 45pm filter and the 
combination filter for the ATW detector is displayed graphically in Figure 3.15. 
Detection limits shown are experimental results obtained for a Bowen’s Kale standard. 
It can be seen that the combination filter offers superior detection limits for 20<Z>40. 
The slightly lower detection limit for Z<20 is not a problem due to the large concentration 
of these elements in biological tissue. The reduction in detection limit for Z>40 is due 
to the use of low energy L X-rays (and hence low X-ray production, Figure 2.4) for the 
detection of these elements.
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Figure 3.15: Detection limits (ftg/g) in Bowen’s Kale standard with two different
filters.
Theoretical efficiency curves for the ATW detector have been calculated using the model 
of Cohen for no filter, the 45(am filter and the combination filter (Figure 3.14). This 
model was originally suggested by Hansen [Han73] and further developed by Cohen 
[Coh80]. The detector is represented by a five parameter model so that the efficiency, eT 
is given by:
er=:^ ei fg fse / au fd fn (3.6)
where: T - transmission through the mylar filter.
Gj - intrinsic efficiency of the detector crystal.
fBc, fAu, fd - transmission through the beryllium window, gold contact 
layer, and silicon dead layer respectively. In the model used here the correction due to 
the Be window was omitted due to the use of the atmosphere thin window and a 
correction for the Si^N^ window made instead.
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fR - correction for radial dependence. Since the response of the
Si (Li) detector is not uniform across the face of the detector but bell shaped a correction 
needs to be made.
f  - geometric factor which makes corrections for the source
being a finite size and the different depths that X-rays of different energies penetrate the 
detector.
Equations for the calculation of each of these parameters is given by Cohen [CohSO].
The theoretical efficiencies obtained using Cohen’s model have been plotted in Figures 
3.13 and 3.14. The fall off in efficiency at low energies is due to X-ray absorption in the 
silicon dead layer, gold contact layer and mylar filter whilst the fall off at high energies 
is due to X-ray penetration through the detector crystal.
3.1.9 Data Acquisition.
The data was collected simultaneously, but separately, for PIXE and RBS analyses. The 
signal from the surface barrier detector was fed immediately into a preamplifier. The 
preamplifier had connections to a pulse generator, the detector bias power supply, the 
preamplifier power supply and to the main amplifier. The amplifier shaped the detector 
output and amplified it. From here the signal was fed to an Amstrad PC containing an 
MCA card. The collected spectra could be viewed on the screen and saved on floppy disc 
for subsequent transfer to the network and analysis by the XRBS software.
The signal from the Si (Li) detector was fed into a preamplifier and then into the Link 
Analytical (now renamed Oxford Instruments) signal pulse processor. The pulse processor 
performed pile up rejection, pulse shaping and signal amplification. The output from the 
pulse processor was fed through an ADC to a Sun Sparc workstation. Data was displayed 
and saved using the software designed by Millen [Mil94]. This allowed collection of a 
spectrum from a defined pixel region. Generally spectral information was collected from 
the entire scanned region (i.e. pixel 0 to 4095 in both the x and y directions). The counts 
obtained at each pixel for selected channels (i.e. X-ray energies) could be displayed as 
two dimensional maps. Maps for up to four elements could be obtained in one run.
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Since the samples analysed here were specifically made to be homogeneous maps gave 
very little information and so were not generally saved. Spectra were saved directly onto 
the mainframe for analysis using the PIXAN software at a later date.
Schematics for the electronic hardware used for RBS and PIXE data collection can be 
seen in Figures 3.16 and 3.17 respectively.
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Figure 3.16: Schematic for RBS electronics hardware.
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Figure 3.17: Schematic for PIXE electronics hardware.
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3.2 Neutron activation analysis equipment.
3.2.1 Irradiation Facilities.
All samples to be analysed by NAA were irradiated in the Imperial College Consort II 
Reactor at Silwood park. This research reactor is a lOOkW swimming pool type reactor, 
which is moderated and cooled by light water and uses enriched uranium (80% 235U) fuel. 
It has nine core tubes for long irradiations in and near the reactor core and four pneumatic 
transfer systems for short irradiations, in a mixture of neutron energies (from fast to 
thermal) and different Cd ratios.
3.2.1a Short lived irradiations.
Short lived irradiations were computer controlled to give precise irradiation conditions. 
In this work, two systems were used for short lived isotope detection, CAS (cyclic 
activation system) and ICIS (in core irradiation system). CAS is highly automated with 
samples being automatically loaded into and out of the reactor, placed on the detector and 
counted. The disadvantage of this system is that since samples are counted in irradiated 
containers an undesirable background signal is obtained from the container and it is 
necessary to irradiate a blank. CAS spectra were collected on a PC fitted with a Canberra 
mca card. Spectra could be automatically collected, stored and erased with no operator 
intervention, therefore allowing a fast throughput of samples. In addition, if required, 
samples can be repeatedly activated for the detection of short lived isotopes (<1 minute 
half-life).
Samples irradiated using ICIS were automatically loaded into the reactor and transferred 
to an in house laboratory for counting. Since the times at which the samples were loaded 
into the reactor were computer controlled only a specific, predetermined time interval was 
available for the transfer of samples from double containment irradiation capsules to fresh 
capsules before counting must commence. ICIS spectra were collected using the PC Ortec 
package Maestro, this package was also used to identify full energy photopeaks and 
calculate peak areas.
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3.2.1b Long lived irradiations.
Samples for long irradiation were placed in double containment in sealed polyethylene 
containers and lowered into the reactor in an aluminium frame to a known position 
relative to the reactor core. A length of zirconium wire was placed in each polyethylene 
tube for neutron flux measurements. After irradiation samples were transported to the 
University for counting. The samples were removed from the irradiation containers and 
placed in clean containers before counting took place.
Gamma-rays emitted from the irradiated samples were detected by a 40cm3 Ge(Li) 
detector. The detector was shielded from environmental background radiation by being 
positioned in the middle of a 30cm by 30cm square of lead bricks. After shaping and 
amplification of the detector signals the gamma spectra were collected on a Nuclear Data 
multichannel analyser (model ND66) which doubled as a computer terminal. Up to 
twelve samples at a time could be loaded onto a carousel ready for counting and data 
collection. Sequential collection of gamma spectra was conducted as the carousel placed 
each sample in turn above the germanium detector. The rotational position accuracy of 
the carousel movement was good up to about 1mm. This level of positional accuracy was 
important given the short distance between sample and the Be window. The ND66 was 
programmed with a preset count time (real or live time) and the number of spectra to be 
collected. Real times were employed here so that times for sample changeover were 
known. Collected spectra were downloaded from the ND66 directly onto the mainframe 
for analysis using the SAMPO software package at a later stage.
A job string programmed into the ND66 (Figure 3.18) controlled the data collection. In 
this way the data collection was totally automated leaving very little operator intervention 
required. A diagram of the equipment used for gamma spectra collection is shown in 
Figure 3.19.
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3.2.3 Experimental determination of germanium detector efficiency.
The absolute efficiency of the Ge(Li) detector was determined experimentally using a 
152Eu source, the gamma ray energies and line intensities of which have already been 
given in Table 2.4. The fall in efficiency with energy is shown in Figure 3.20. Values 
for the absolute efficiency were in agreement with those previously quoted for the detector 
by Arshed [Ars91]. The energy efficiency curve can be fitted by an eight parameter 
function [McN73]:
/P v, r \
E
*P3exp (-P ^ -P ^ x p  (-P6£ ) ^ x p  (-P8E)
Where P, - P6 are the parameters for the fitted curve. This equation can be approximated 
by a simple two parameter fit [Kno89]:
hie=jp1+p2hiE (3.8)
which is the fit shown in Figure 3.20 where p^O.727 and p2=-0.718.
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Figure 3.20: Absolute efficiency variation with increased energy.
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4. Trace element analysis of porcine brain tissue
4.1 Introduction
As a precursor to the analysis of human brain tissue an initial study was conducted on the 
elemental composition of porcine brain tissue. Pigs were selected for the study due to the 
similarity of their organs to human organs [Und77] and the relative ease of availability. 
The nutritional requirements of the pig are more similar to man’s than those of any other 
non-primate due to the similarity between digestive tracts [Pon78]. The absorption and 
metabolism of elements is therefore similar in both species, to the extent that pigs have 
even been used as models in the development and evaluation of infant milk formulae 
[Sch66]. As well as models for nutrition studies, pigs have also been employed in 
biological studies of cardiovascular disease, gastric ulcers, alcoholism, stress, obesity, 
dermatology and drug toxicology [Pon78].
This initial study on porcine tissue allowed the development of sample handling and 
preparation techniques and the determination of sampling factors, giving the minimum 
mass of sample which must be probed for representative analysis. PIXE, PIGE, RBS and 
IN A A were used to quantify the major, minor and trace element composition of various 
regions of the porcine brain and the suitability of these techniques for routine analysis of 
brain tissue examined.
4.2 Nutrition in pigs.
Porcine brain tissue was obtained from a local butcher. The dietary intake of pigs bred 
for meat is carefully controlled to produce large healthy animals, capable of bearing the 
maximum number of healthy offspring. Due to competitive antagonism between elements 
the supplementation of the pig diet by one element must often be accompanied by 
supplementation with other elements to avoid deficiencies.
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In most species (including man) iron stores are increased at birth by a higher than normal 
number of red blood cells (polycythemia). However, pigs have low iron stores at birth 
[Wid50] due to the lack of polycythemia. This, combined with a fast growth rate, makes 
piglets susceptible to iron deficiency and anaemia during the first weeks of life. Iron 
supplements to the sow during pregnancy have been found to neither increase iron 
concentrations in the piglet nor in the sow’s milk [Und77]. Therefore it has become 
common practice to supplement the diets of piglets with iron.
The absorption of iron is affected by copper and zinc concentrations since these three 
elements compete for binding sites. The copper requirements of pigs are low and no 
adverse effects have been seen with dietary intakes as low as 1.5mg Cu per kg of feed 
[Har94]. However, it is usual to supplement pig diets with copper, in the form of copper 
sulphate to improve growth rates. High intakes of copper (15-200mg Cu per kg) have 
been shown to linearly increase growth rates with increasing concentration [Apg95]. 
Unless these high copper intakes are supplemented with increased zinc and iron intakes 
deficiencies may occur. Arsenic has been stated as being used to increase pig growth 
rates [Fro55]. Although no recent direct references to this could be found, Jorham [Jor91] 
found arsenic levels to be higher in the liver and kidneys of pigs than cows and attributed 
this to the porcine feed.
Pig diet supplementation with calcium increases the number of live pigs per litter without 
decreasing birth weights [Hoe56]. Increases in dietary calcium levels in pigs have been 
found to increase both Ca and Mg retention in whole blood and blood serum but to have 
no effect on P, Fe, Zn, Cu and Mn retention [Lar93].
The dietary levels of several elements have been found to affect the cadmium retention 
of organs in the pig [Rot92]. With supplements of calcium, zinc and iron (as well as the 
vitamins C and D) the cadmium retention has been found to decrease whilst copper 
supplements have been found to increase organ concentrations of cadmium. Overall 
Rothe [Rot92] found cadmium retention to vary by a factor of 16 depending on the 
supplement given.
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4.3 Sample Preparation.
The potential for the contamination of samples during preparation for trace element 
analysis is high unless adequate precautions are taken. All sample preparation was carried 
out in a laminar flow cabinet. The filtered air flow protects the samples against dust 
contaminants such as Al, Si, Ca, Ti and Fe [Lan91]. During all sample preparation vinyl 
gloves were worn from which the glove talc had been washed. Glove talc has long been 
known to be a possible source of contamination and this has been commented on more 
recently by Lovell [Lov93]. Laboratory coats and overshoes were also worn. These 
precautions were not only necessary to reduce sample contamination but also to meet the 
strict health and safety regulations imposed when dealing with containment level 2 
biological materials [Adv84]. Containers, tweezers, trays and other tools were made from 
polyethylene wherever possible thus reducing cross-contamination from the leaching of 
elements to and from surfaces [Cam??]. All materials were washed in Decon 90® and 
rinsed twice in distilled water before use.
The first decision to be made when considering sample preparation for PDŒ, RBS and 
PIGE analyses, is whether the sample is to be thick (so that it completely stops the 
incident proton beam), thin (so that the attenuation of the proton beam by the sample is 
negligible) or of intermediate thickness. Folkmann [Fol?5] showed detection limits to be 
superior for thick samples for Z<28 and for thin samples for Z>28. Thin samples have 
the advantage that no corrections for variations in X-ray production cross-sections or for 
the attenuation of X-rays are required. Also, less problems are encountered due to effects 
such as sample heating and charge build up (although even in thick samples these 
problems can be overcome). The disadvantage of thin samples is that since they are 
generally not self supporting a backing material is required which can present a serious 
source of contamination [Lan91]. In the work undertaken in this thesis homogenised 
samples were analysed. The tissue volume probed was required to be representative of 
the region sampled and the use of thick samples allowed a larger volume of material to 
be probed.
Samples need to be extracted at post mortem as soon as possible after death to minimise 
the effects of chemical interactions between organs since these will begin immediately
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after death. Iyengar [Iye81] examined rat liver which had been left in the body for up to 
three days at room temperature or which, after dissection, had been stored at -15°C for 
three days. Over both temperatures of storage, potassium concentration losses of up to 
30% were observed, sodium concentration variations of -20% to +10%, iron variations of 
-20% to +40% and zinc variations of -20% to +20% compared to concentrations in livers 
prepared immediately. The size of the concentration change was found to be dependant 
on the time before post mortem and the temperature of storage. It was found that 
although cold storage could minimise concentration changes it could not prevent them 
altogether. The effect to which cold storage was effective was found to be dependant 
upon the element studied. For example, increases in dry weight calcium concentrations 
of over 550% after three days at ambient temperatures were reduced to under 10% after 
three days at -15°C. However for iron the alterations in concentrations after three days 
at ambient temperature and at -15°C were much less pronounced at 38% and 27% 
respectively.
For the porcine brain tissue, animals were known to be killed the day previous to brain 
collection and so estimated time between animal death and sample preparation was 
approximately 20-30 hours. Samples were cut from the occipital, frontal and parietal 
brain lobes of both hemispheres and from the cerebellum from two pig brains using a 
stainless steel scalpel. Samples were cut to a size slightly larger than that required. This 
was to allow sample edges which were possibly contaminated by the scalpel to be 
removed after freeze-drying, using a polyethylene spatula. Contaminating elements arising 
from the use of scalpels include Cr, Mn, Fe, Co, Ni, Cu and Zn [Beh80]. The meninges 
of the brain were carefully removed along with any blood vessels. The fresh samples 
were then blotted with filter paper and placed in precleaned and preweighed petri dishes. 
The sample blotting is necessary to remove surface blood which can alter the measured 
concentrations of elements such as iron, chromium and rubidium [Aal87]. The method 
of sample blotting is believed to be preferable to rinsing in distilled water since the latter 
has been shown to lead to a reduction in element concentrations [Iye81]. Rinsing of brain 
tissue was also found to be difficult and resulted in the loss of material due to its soft 
composition.
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After dissection samples need to be fixed to prevent the loss of elements. This was 
achieved by freezing samples at -12°C for at least 24 hours until completely frozen. 
Freezing is the preferred method since chemical fixatives are known to redistribute and 
extract elements and may even add contaminants [Kir93]. Sample freezing should be 
rapid to prevent the formation of ice crystals, since these are known to destroy cell 
membranes and so redistribute elements [Cha92]. Since the size of ice crystals formed 
is dependant on the speed of freezing it is often suggested that samples are cryofixed by 
immersion in liquid nitrogen. However, the rate of freezing is also influenced by the 
sample size and it has been suggested that samples should be c lm m 3 for rapid freezing 
[Kir93]. In the case of the brain tissue analysed here samples are homogenised to give 
concentrations representative of a defined volume. Therefore the redistribution of 
elements within a sample is of little concern compared to the possibility of introducing 
contaminants by much sample dissection.
In the next stage of sample preparation the free water is removed. Sample dehydration 
is necessary so that analysis can be performed with the samples held in a vacuum. 
Samples were dehydrated by lyophilization (freeze-drying) where water is removed by 
sublimation under low temperature (~-60°C) and low pressure (~6 xl0"2atm). Samples 
were taken out of the freeze-dryer and weighed at regular intervals, being finally removed 
when no further mass reduction was observed. Freeze-drying times were found to be 
highly dependant on the sample mass but typically of the order of 48 hours. 
Lyophilization has the additional advantage of sample mass reduction, improving the 
sensitivity of the technique. In dehydration not only is element redistribution an issue but 
also the possibility of loss of volatile elements. Othman [Oth79] compared the techniques 
of alcohol dehydration, where the free water in a sample is replaced by an alcohol such 
as ethanol or acetone, oven drying and lyophilization. The loss of elements through 
lyophilization was found to be negligible compared to the other techniques. Redistribution 
of elements due to freeze drying is thought to be negligible compared to the redistribution 
caused by freezing [Cha92].
If further improvement in sensitivity is required further mass reduction can be obtained 
by sample ashing in an oven [Joh88] since in biological materials this removes the organic
matrix responsible for bremsstrahlung production. However, this is a time consuming 
process and the gain in sensitivity which can be obtained may not be worth the risk of 
loss of volatile elements such as S, Se, Br, Cd and Hg [Mae84]. Furthermore, in the case 
of PIXE analysis, for samples containing a high proportion of sodium (as is the case for 
many biological materials) there is small improvement in sensitivity since a major 
contribution to the background is the proton induced gamma rays from the sodium and 
this is not reduced by ashing.
After freeze drying the remaining porous sample was pulverised using a pestle and mortar 
and thoroughly mixed to give a uniform powder (the homogeneity of this powder is 
examined in the following section). The powder was then compressed in a stainless steel 
pelletizer under high pressure (~50kgmm"2) to form 5mm diameter pellets approximately 
1mm thick. The pelletizer contains die with machined smooth faces so that the resulting 
sample faces are completely flat. This is important since surface roughness has been 
shown to alter X-ray yields for elements below iron in the periodic table [Bea94].
Kupilarantala [Kup93] compared the sensitivities obtained using several preparation 
techniques for samples of blood serum and bovine muscle. The methods included air 
drying a drop of material on a foil, lyophilization of material on a foil, microtome 
sectioning and pellet pressing of lyophilized material. The best sensitivity for both types 
of samples was obtained using the lyophilization and pellet pressing procedure.
Thirteen sample pellets were attached to each aluminium target plate along with two 
standard materials, IAEA A 13 animal blood and Bowen’s kale [Mur85]. The adhesive 
tape used has been shown to consist primarily of chlorine and not to leach into biological 
samples [Ars91].
Samples for neutron activation analysis were prepared in the same way as described above 
except that pellets were made to be slightly thicker (~4-5mm thick). This was because 
in activation analysis the whole sample can be analysed and so a larger sample reduces 
the effects of small inhomogeneities, yielding elemental concentrations more representative 
of the tissue sampled. A larger sample can also improve detection limits. The upper limit
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to sample size for NAA is set by detector dead time and geometrical efficiency 
considerations. Prepared pellets were placed in individual, clean polyethylene containers 
within a larger irradiation capsule. The polyethylene containers had been soaked for 24 
hours in Analar nitric acid before being cleaned in Decon 90® and thoroughly rinsed. 
Along the side of the samples was positioned a length of high purity zirconium wire for 
flux correction measurements.
4.4 Sampling factors.
Biological samples are never truly homogeneous, even if they have been freeze-dried, 
crushed and mixed, and can only truly be described as uniform. Analysing from this 
uniform material a sub sample which is truly representative of the original material is a 
complex task. This is particularly true in the case of PIXE analysis where only a small 
volume of sample is probed by the proton beam. The actual mass of sample analysed is 
dependant upon the beam energy and diameter and the sample matrix. For a 2MeV 
proton beam of 1mm diameter the dry mass of porcine brain tissue probed is typically 
14p,g (equivalent to about 78qg fresh weight). Sampling factors can be used to calculate 
the mass of material which must be analysed to give the required subsampling error.
Sampling constants for use in geochemical analysis were first proposed by Ingamells in 
1973 [Ing73]. In 1984 Heydorn applied the idea of sampling constants to biological 
materials [Hey84]. Heydorn described the sampling constant (in units of mass) required 
to reduce the error from sub sampling to 1% in a single determination, Kl5 as:
(4.1)
where R - relative standard deviation in per cent,
m - mass of replicate subsamples.
Kj is measured experimentally by n replicate determinations of X; made under identical 
experimental conditions, where for PIXE analysis x, is the area of the full energy 
photopeak for the element of interest. The sampling constant, Kl5 is then described by 
[Hey 84]:
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(4.2)
where x* - mean photopeak area from n determinations,
m - replicate sample mass
Ô2 - mean variance of the analytical procedure
and Ô2 can be calculated by:
(4.3)
Since the sampling constant is not in fact constant across all elements it was renamed by 
Spyrou, the sampling factor [Spy8 8] [Spy90].
A 1mm diameter 2MeV proton beam was used to analyse five replicate subsamples in 
porcine brain and Bowen’s kale and the values calculated, Table 4.1. Also quoted are 
the values of K5, defined as the mass of material which must be analysed to reduce errors 
from subsampling to 5%.
To collect data from the number of points suggested by Table 4.1 would, in most cases, 
be experimentally impractical. Instead the beam was rapidly scanned over the surface of 
the sample pellet. In this way a dry mass of ~ ôOOjiig (equivalent to about 43 spots) can 
be sampled in a single run. This means that the K5 values can be met by a single run for 
all elements in both Bowen’s kale and porcine brain tissue and that the Kj values are 
satisfied for all elements except iron and zinc in porcine brain.
It should be noted that the brain tissue was found to be more homogeneous than the 
Bowen’s kale standard. Inhomogeneity of Bowen’s kale was blamed by Arshed [Ars91] 
on the hard parts of the kale leaves such as the ribs and veins. The soft brain tissue, in 
comparison, was easily homogenised.
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Table 4.1: Sampling factors (in number of 1mm spots) for Bowen’s kale and 
porcine brain tissue. 1 subsample ~ 14p,g.
Element
(Z)
Bowen’s kale Porcine brain tissue
Kt k 5 Ki k 5
P (15) 58 2 7 1
S (1 6 ) 79 3 7 1
Cl (17) 330 13 9 1
K (19) 23 1 6 1
Ca (20) 75 3 4 1
C r (24) 689 28 - -
Mn (25) 282 11 - -
F e(26) 667 27 97 4
Zn (30) 667 27 78 3
If the sampling factors obtained for Bowen’s kale are compared with those obtained by 
Spyrou [Spy90] it can be seen that the sampling factors calculated here are generally 
smaller for Z=<25 (manganese) and larger for 25<Z<30. This was probably due to the use 
here of a pinhole filter, described in Chapter 3, compared to the uniform mylar filter (of 
the same thickness) used by Spyrou. This will have the effect of altering the detection 
efficiency so as to increase the number of counts detected (x) for low atomic number 
elements and decrease the number of counts for higher atomic number elements.
4.5 Experimental conditions.
PIXE, PIGE and RBS analyses were conducted simultaneously using a 2MeV, 8nA proton 
beam rapidly scanned over the surface of the sample pellet. Approximately 6p.C of charge 
was collected for each sample analysed. A mylar pinhole filter (350pm thick, 2.92mm 
diameter) was fitted to the Be window Si(Li) detector to allow the detection of some low 
energy X-rays. It was initially intended that PIGE would be conducted at the resonant 
energies for the reactions for analysis of Al, Na and Mg (Table 4.2). However locating
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these narrow resonances and waiting for an energetically stable beam proved to be too 
time consuming for routine analysis. Therefore PIGE analysis was conducted at 2MeV, 
this only allowed the detection of sodium.
Table 4.2: (p,p’y) reactions for Na, Mg and Al.
Element Main resonance energy 
(keV)
Resonance widths 
(eV)
Major gammas emitted 
(keV)
Na 1931 6.9 439
Mg 1623 - 585
Al 1749 6.6 884, 1014
Resonant energies and widths have been taken from the compilation of Endt [End90] and the emitted gamma 
energies from Deconnick [DecBl j.
Samples to be analysed by IN A A were irradiated in the Imperial College reactor for 
almost eight hours in a thermal flux of O.SxlO^ncm V 1. The porcine brain tissue was 
held in two irradiation capsules placed adjacent to each other in the reactor core. After 
transportation to the university and changing of the sample containers the gamma-ray 
spectra were collected, using various waiting times to maximise the number of elements 
detected. The waiting times and counting times employed and the isotopes determined 
at each point are given in Table 4.3.
Table 4.3: Elements detected after various waiting times.
Waiting Time Counting Time Elements detected
5 days 20 mins Na, K, Br
6 days IV2 hrs Zn
13 days 3 hrs As, Rb, Fe
High purity zirconium wire of 0.127mm diameter was used to monitor the neutron flux 
along the length of the sample tube. The wire was placed alongside the samples in the 
irradiation tube (Figure 4.1) and held in position with tape. After irradiation the wire was
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cut into the four sections shown in Figure 4.1 and each section was placed in its own 
clean polyethylene container ready for the counting of emitted gamma rays. Zirconium 
wire has the advantage that it can be used as a monitor for the thermal neutron flux using 
the 757keV or 724keV gamma lines from the 94Zr (n,y) 95Zr reaction, and it can be used 
to determine the fast neutron flux using the 909keV line emitted by 89Zr. However the 
reaction cross-section is small for the 90Zr(n,2n)89Zr reaction, and since the porcine 
samples were only irradiated for one day only the thermal neutron flux is determined here. 
Both the thermal neuron flux and the fast neutron flux for core tube 3 are determined in 
Chapter 6 where irradiation was for 5 days.
Using equations 2.32 and 2.40 the neutron flux was determined for the core position of 
each of the eight zirconium wires in the two irradiation capsules. The flux distribution 
with distance is plotted in Figure 4.2. A quadratic curve has been fitted to the points by 
a least squares fit procedure and the equation of the line found to be, flux = 0.8479 - 
0.03210x + 0.001Ox2. The maximum flux obtained of O.SxlO^ncm'V1 is the same as that 
determined by Burholt [Bur77] for the maximum flux position in core tube 4. The drop 
in thermal flux along one tube length ( = distance of 7.5cm) was found to be 21.7 ± 4% 
in reasonable agreement with the finding of 17% by Othman for the same distance, in the 
same core tube [Oth79], although since this time there have been small changes in the fuel 
arrangement.
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Figure 4.1: Brain sample and zirconium wire arrangement in irradiation tube.
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Figure 4.2: Neutron flux distribution.
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4.6 Dry to fresh weight ratios.
The brain samples were freeze dried until there was no further mass reduction (approx. 
48hrs). The original and final weights were used to calculate the dry to fresh weight 
conversion ratio for each individual brain sample. Mean dry to fresh weight ratios for 
each region have been given in Table 4.4. No significant difference was found between 
the dry to fresh weight ratios of the three cerebral lobes studied (p>0.1). However, the 
cerebellum was found to have a significantly higher ratio, corresponding to a lower water 
content, than the occipital lobe (p<0.1), frontal lobe (p<0.1) and the parietal lobe 
(pcO.OOl). The much higher significance of the parietal lobe result is a reflection of the 
small standard deviation found, however since only a small number of samples were 
studied the significance may be artificially high.
Table 4.4: Dry to fresh weight conversion ratios for various porcine brain regions.
Region Dry to fresh weight ratio
Frontal lobe (n=3) 0.161 ± 0.035
Occipital lobe (n=4) 0.145 ± 0.047
Parietal lobe (n=3) 0.196 ± 0.001
Cerebellum (n=2) 0.240 ± 0.01
In man higher dry to fresh weight ratios are found in white matter than in grey matter 
[Duf89], with a mean value of 0.169 ± 0.008 for 12 grey matter brain regions and of 
0.247 ± 0.045 for 10 white matter regions. The cerebellum contains more grey matter 
than white matter, and so would be expected to show the lowest water ratio, in fact, in 
porcine brain tissue the reverse was found to be the case.
4.7 Matrix composition.
The matrix compositions of the brain tissue samples were calculated by RBS using the 
software XRBS detailed in section 2.2.5.
No significant differences were found in the bulk composition of the various brain regions
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and therefore mean values across all regions have been given in Table 4.5. This matrix 
composition gives a calculated range of 2MeV protons in freeze-dried porcine brain tissue 
of ~52pm, compared to ranges of =59pm in Bowen’s kale and -52pm  in freeze-dried 
animal blood.
Table 4.5: Mean matrix composition of porcine brain tissue over all regions in dry
weight concentration (%).
Element Concentration (%)
C (n=8) 63.0 ± 1.5
N (n=8) 8.6 ± 1.6
0  (n=8) 20.1 ± 1.6
Na (n=8) 2 .6 ± 0 .9
S (n=7) 3.1 ± 0.8
Cl (n=7) 2.6 ± 1.0
4.8 Minor and trace element concentrations.
The elemental concentrations, in pg/g fresh weight, obtained by PIXE and IN A A are 
listed in Table 4.6. Element concentrations were generally found to be higher in the right 
hemisphere than the left for the frontal lobe and higher in the left hemisphere for the 
occipital and parietal lobe, however due to the small number of samples examined from 
each region statistically significant differences could not be identified, therefore the results 
given in Table 4.6 are mean concentrations from both hemispheres.
K, Fe, Zn and Br were detected by both techniques. PIXE offered superior detection 
limits (calculated as three times the root of the number of background counts) for K and 
Fe whilst IN A A gave the best for Zn and Br (Table 4.7) The statistical counting errors 
for PIXE and IN A A were similar for K and Fe but lower for IN A A for Zn and Br. For 
these reasons in Table 4.5 the PIXE calculated results are quoted for K and Fe whilst the 
INAA results are quoted for Zn and Br.
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Table 4.6: Fresh weight concentrations (|Hg/g) in porcine brain tissue.
Element Cerebral lobe concentrations Cerebellum
concentrations
(n=2)Frontal
(n=3)
Occipital
(n=4)
Parietal
(n=3)
Na+ 1300 ± 530 1100 ± 2 4 0 1600 ± 190 1200 ± 150
P 1200 ± 300 1200 ± 370 1600 ± 110 1900 ± 180
S 480 ± 110 470 ± 130 600 ± 30 650 ± 6 0
Cl 1200 ± 260 1000 ± 290 1400 ± 80 1300 ± 150
K 2500 ± 620 2300 ± 690 3200 ± 200 3100 ± 140
Ca 100 ± 40 130 ± 110 130 ± 70 65 ± 10
Mn 2.4 ± 0.3 1.8 ± 0.9 3.4 ± 0 .1 -
Fe 35 ± 11 3 9 ± 9 42 ± 4 44 ± 2
Zn+ 8 .0 ± 3 .0 8.2 ± 3.3 10.3 ± 1.8 8.8 ± 1.1
As (xlO"2)+ 3.3 ± 1.4 3.5 ± 1.6 3.4 ± 1.4 4.6 ± 1 .1
Br+ 2.6 ± 1.1 2.0 ± 0.6 3.1 ± 0.4 2.0 ±  0.5
Rb+ 1.8 ± 0.5 2.0 ± 1.1 2 .5 ± 0 .2 2.6 ±  0.1
Cd (xlO-3) 7.6 ± 2.3 7.2 ± 3.5 9.1 ± 0.9 8.4 ± 1.6
+ determined by INAA, remainder determined by PIXE.
Manganese concentrations were found to be significantly higher in the parietal lobe than 
the frontal (p<0.01) or occipital (p<0.05) lobes. Bromine concentrations were found to 
be significantly higher in the parietal lobe than the frontal lobe (p<0.05). Sodium 
concentrations were found to be higher in the parietal lobe than the occipital lobe 
(p<0.05). The parietal lobe contains the sensory region, obtaining information from the 
skin and body. In the pig a large proportion of the sensory region takes information from 
the snout, and a small region from the limbs, compared to man [Adr43]. At a low level 
of significance (pcO.l) phosphorus concentrations were found to be higher in the
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cerebellum than in the frontal, occipital and parietal lobes. Copper was detected in six 
of the porcine brain samples. However since it was not detected in Bowen’s kale standard 
the absolute method of analysis was employed rather than the comparative method. The 
mean concentration of copper for the six brain samples was found to be 12.0 ± 1 .7  |ig/g 
fresh weight.
Table 4.7 Detection limits ( 3 / no. of background counts ± one standard deviation) for 
elements detected by PIXE analysis and INAA (in p,g/g fresh weight).
Element PIXE INAA
K 2.5 ± 0.7 850 1  340
Fe 2 .0 1 0 .7 9.1 1  2.1
Zn 4.7 ± 0.9 3.7 1  1.1
Br 12 1 3 0.072 1  0.021
Sodium fresh weight concentrations determined by PIGE analysis were, 1000 ± 200 |Lig/g 
in the frontal lobe, 1000 ± 300 p.g/g in the occipital lobe, 1650 ± 360 jig/g in the parietal 
lobe and 1350 ± 350 jig/g in the cerebellum in agreement with the values determined by 
INAA. The mean sodium result obtained by RBS compares poorly at 3600 ± 1600 jag/g.
4.9 Correlation coefficients.
The minor elements, i.e. Na, P, S, Cl and K were all found to be well correlated with one 
other (pcO.OOl). These elements were also found to be well correlated with the dry to 
fresh weight ratios, for P, S, Cl and K pcO.OOl and for Na p<0.02. Sodium, potassium 
and chlorine ions are involved in the production of action potentials in neurons which 
control the flow of water and other substances across cells. The intake of water into cells 
is by the presence of phospholipid molecules in the cell membranes. These large 
molecules typically contain between one and four phosphates and their hydrophillic nature 
makes membranes essentially fluid in nature. The association of P with water is therefore 
expected. Sulphur is present in the amino acids cysteine and methionine and methionine 
is hydrophillic.
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A correlation was seen between Fe and Zn (p<0.05) as would be expected given the 
known interaction between these elements in the porcine diet. No significant correlation 
(p>0.2) was seen between Ca and P, Zn and Mn in agreement with the findings of Larsen 
[Lar93] that calcium supplementation does not lead to accumulation of these elements, 
however an unexpected correlation was seen between Ca and Fe (p<0.05).
4.10 Comparison between porcine brain and human brain.
The size of the porcine brain is considerably smaller than the human brain. With a mass 
of approximately 75g (depending on species) it makes up only 0.05% of the total weight 
(= 150kg) of the pig [Pon78] compared to the 2% that a 1400g human brain makes up 
[Sny75]. Since samples of approximately 5g were taken from both human and porcine 
subjects the region sampled for the pigs was comparatively much larger (-7%  compared 
to -0.4% ). In the human cases studied in Chapters 5 and 6, samples from the lobes of 
the cerebrum contained only the cortical layer, whereas for the porcine samples a great 
deal of subcortical white matter was also sampled. It was therefore thought more 
appropriate to calculate concentrations for the whole porcine brain and compared these 
with published values for whole human brain tissue than to directly compare regions.
The human brain is stated as being approximately 88% cerebrum and 12% cerebellum 
[Sny75]. The same proportions were assumed to be true for pigs. In pigs, of the 88% 
cerebrum it was estimated that 33% was frontal lobe, 11% occipital lobe and 22% of each 
of temporal and parietal lobes. Since the temporal lobe was not collected for porcine 
brains it was necessary to assume the cerebrum to be 44% frontal lobe, 14% occipital lobe 
and 30% parietal lobe. Using these proportions approximate values for porcine whole 
brain compositions can be calculated.
Using the weighting stated above the dry to fresh weight ratio of whole porcine brain was 
calculated to be 0.179. This value is between the values stated by Snyder [Sny75] for 
human brain tissue at birth (0.103) and at adulthood (0.226).
Weighted means for whole brain concentrations in pigs along with the literature ranges 
for human brains are given in Table 4.8. Since Mn concentrations were only determined
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for the cerebrum the human concentrations for cerebrum are also given. Mammals of low 
order have relatively flat brain surfaces, moving up the orders through the primates the 
brain surface becomes more and more convoluted giving a larger surface area [Jer82]. 
As the brain becomes more convoluted the amount of cerebral grey matter will increase. 
It may therefore be assumed that a section taken from the cerebrum of the human brain 
contains more grey matter than a section of tissue taken from the cerebrum of the porcine 
brain. Grey matter has been shown to have higher concentrations of chlorine and zinc 
than white matter (Chapter 5), and so these elements may be expected in smaller 
concentrations in porcine brain tissue than in human brain tissue, which was seen to be 
the case (Table 4.8). Widdowson [Wid60] gave the fresh weight concentration of chlorine 
in whole porcine brain as 1330 p.g/g.
Other points of note are the high concentrations of Cu and As, possibly due to the 
inclusion of these elements in the pig diet as growth supplements. The slightly lower 
concentration of Fe and Zn in porcine brain tissue compared to human tissue may suggest 
that these elements were not supplemented to the same extent as the Cu resulting in slight 
deficiencies. Cadmium levels were found to be very low in porcine brain tissue compared 
to the concentrations quoted by Iyengar, however values quoted in the literature for 
cadmium vary greatly (Chapter 5). Cadmium accumulates in the brain with time and so 
the accumulation of cadmium in pigs is likely to be less than that in humans.
Publications on the elemental composition of pig brain tissue are extremely few. In 
addition there are 87 recognised breeds of domestic pig and 225 pigs not recognised as 
breeds but with differing characteristics [Mas69]. A paper published in 1969 by Wong 
[Won69] determined the dry weight concentration of Cu, Zn and Mn in the pineal body, 
pons, thalamus, medulla, mid-brain and hippocampus. Mean dry weight concentrations 
taken over all regions were found to be 13.5 ± 5.3 qg/g Cu, 1.6 ± 1.2 qg/g Mn and 33.8 
± 20.2 qg/g Zn. These results are difficult to compare with the results obtained here due 
to the difference in regions studied and the lack of a dry to fresh weight conversion factor. 
Using the mean conversion factor calculated for porcine brain of 0.127 the zinc fresh 
weight concentration of 6.1 ± 3.6 qg/g is in agreement with the concentrations determined 
here, however the copper and manganese concentrations of Wong are considerably lower.
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Table 4.8: Whole brain fresh weight concentrations (jig/g) in pigs and humans.
Element Porcine whole brain 
concentrations
Human whole brain 
concentrations [Iye75]
Na 1350 ± 340 1790
P 1400 ± 240 2800 - 3400
S 540 ± 150 1500 - 1860
Cl 1240 ± 200 1400 - 2300
K 2800 ± 450 2300 - 3100
Ca 110 ± 5 5 130
Mn (cerebrum) 2.8 ± 0.3 1.2
Fe 39 + 8 57
Cu 12.0 ± 1.7 4.0 - 7.0
Zn 8 .8 ± 2 .4 12.5 - 16.8
As (xlO"2) 3.6 ± 1.3 0.1
Br 2.5 ± 0.8 1.7
Rb 2.2 + 0.4 3 .6 -4 .0
Cd (ng/g) 8 .0 ± 2 .0 500
4.11 Accuracy of results.
The accuracy of both PIXE analysis and INAA was assessed by determining the 
concentrations of IAEA Animal blood using Bowen’s kale as the reference material. 
Concentrations determined were compared with certified concentrations, both being given 
in Table 4.9.
For the elements Na, P, S, K, Br and Rb the determined concentrations and the certified 
concentrations agree within the limits of the associated errors. The poor agreement for 
Fe and Zn concentrations may be explained by the high sampling factors determined for 
these elements in Bowen’s kale. It is interesting to note that mean concentrations derived
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from PIXE analysis and INAA for Fe and Zn yield values of 2460|J.g/g and 12.9|ig/g 
respectively, in good agreement with the certified values.
Table 4.9: Dry weight concentrations (in gg/g) determined using the comparator 
method by PIXE analysis and INAA and their certified concentrations.
Element Concentration determined by comparator method Certified
concentration
INAA PIXE analysis
Na 12800 ± 1500 - 12600 ± 950
P - 1030 ± 40 940 ± 240
S - 7430 ± 1040 6500 ± 550
K - 2730 ± 160 2500 ± 350
Ca - 4 3 0 ± 2 5 290 ± 50
Fe 3070 ± 370 1840 ± 225 2400 ± 150
Zn 17.9 ± 1.9 7.9 ± 1.8 13.0 ± 1.0
Br 20.2 ± 2.0 - 22.0 ± 2.4
Rb 3.7 ± 0.7 - 2.3 ± 0.7
4.12 Conclusions.
It was concluded from the results obtained from porcine brains that PIXE analysis and 
INAA should be conducted on human brain tissue but that PIGE was too time consuming 
to be worth conducting for the little extra information obtained. The sampling factors 
calculated indicate that, using the preparation techniques described, sufficient brain tissue 
can be analysed to avoid problems arising from sampling inhomogeneous tissue. It was 
discovered that the brain has a heterogeneous nature and so samples originating from 
different regions need to be treated separately. Due to the difficulty experienced in 
dissecting porcine brain tissue it was decided that human brain tissue samples from 
specific regions should be dissected by a neurologist.
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5. ELEMENTAL CONCENTRATION DISTRIBUTIONS IN THE 
’NORMAL’ HUMAN BRAIN.
5.1 Introduction.
It has long been recognised that certain elements are required for the correct development 
and functioning of the brain. Minor elements such as sodium, potassium and calcium 
having electrophysical functions whereas trace elements such as iron and zinc have mainly 
enzymatic functions. Reviews of the functions of trace elements in the brain have been 
made by Sandstead [San86] and Prohaska [Pro87]. Exposure of the brain to elements is 
through interactions with blood and cerebrospinal fluid. The brain is especially sensitive 
to changes in trace element levels in the blood due to the large volume of blood passing 
through the brain. The high oxygen demands of the brain require 16% of the cardiac 
output although the brain makes up only about 2% of the total body weight [Tho93]. In 
addition, the inability of brain cells to divide and regenerate makes protection against 
toxins paramount. The blood brain barrier is a covering of fatty astrocyte cells around 
blood vessels which protects the brain against toxins insoluble in fat.
In this chapter brain samples taken from thirteen separate regions of ’normal’ ageing 
human brains have been examined for their water content and elemental composition 
using RBS and PIXE analyses. ’Normal’ is used as meaning that there were no obvious 
signs of neurological damage. The distribution of major, minor and trace elements 
through the regions of the brain have been examined, significant differences between brain 
regions identified and the regions clustered into similar groups. The dependence of tissue 
dry to fresh weight ratios and element concentrations upon factors such as age, sex, the 
postmortem interval, smoking habits and the region studied have been examined for 19 
’normal’ patients. Significant correlations between element concentrations and water 
content have been identified and the concentrations of the same region in the tight and 
left hemispheres compared. The dry weight concentrations of grey and white matter in 
a section of occipital lobe have also been compared.
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Further, the frequency distribution of element concentrations has been examined to 
identify normal and log-normal distributions and following the guidelines of Liebscher 
[Lie68] elements could then be classified as essential or non-essential.
A brief introduction is given to brain structure and function and a review of element 
concentrations quoted in the literature presented, before results are given and discussed.
5.2 Structure of the human brain.
The human brain can be coarsely divided into three major regions, the brain stem, the 
cerebrum and the cerebellum; these areas have been shaded in Figure 5.1 The proportions 
of these structures in the adult human brain are approximately 2%, 88% and 10% 
respectively [Bli68]. The brain stem is essentially a continuation of the spinal column and 
can be divided into medulla, pons and mesencephalon (midbrain). The mesencephalon 
contains the ’red nucleus’ or substania nigra which along with the basal ganglia suffers 
from severe abnormalities in Parkinson disease patients [Dex91]. The cerebrum is divided 
in two hemispheres and is comprised of an outer grey layer of many neurons (the 
neocortex), subcortical white matter (the colour being due to myelin sheaths around axons) 
and underlying nuclei (including the basal ganglia, thalami and hypothalami). The 
cerebellum, (meaning Tittle brain’) has a similar appearance to the cerebrum but differing 
functions. In the middle of the brain is the limbic system, the major areas of this being 
the hippocampus, amygdala, septal area and regions of the limbic cortex. The outer 
surface of the brain is covered by three layers of meninges (membranes) known as the 
dura mater, arachnoid layer and pia mater. These provide protection for the delicate brain 
tissue.
The cerebral cortex has many ridges (gyri) and grooves (sulci) which allow an 
approximate surface area of 2850cm2 [Mon81] fit into the cranium. The sulci can be used 
to divide the cortex into various regions, the frontal, occipital, parietal and temporal lobes 
(Figure 5.2). Major sulci are referred to as fissures. The lobes can be further divided into 
superior (uppermost), inferior (basal), anterior (to the front) and posterior (to the back). 
The neocortex varies only slightly in thickness across these regions from 2.4mm in the 
occipital lobe to 2.8mm in the parietal lobe [Bli68].
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Corpus callosum
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Limbic lobe
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Cerebellum
Hypothalamus Pons
MedullaMidbrain
Figure 5.1: Internai structures of the brain.
Parietal lobeCentral sulcus
Parietal-occipital
fissureFrontal lobe
Occipital lobe
Temporal lobe Cerebellum
Lateral fissure
Figure 5.2: Division of the brain into frontal, occipital, parietal and temporal lobes.
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Cerebellum
Figure 5.3: Brodmann areas of the cerebral cortex.
This thickness can be divided into 6 different layers, each being defined by the appearance 
of the cell bodies and fibres. Layer one is the outer layer and layer six the innermost.
A number of maps of the cerebral cortex based on structural features have also been 
proposed. The most widely used of these is that proposed by Brodmann. Brodmann 
divided the cortex into 45 regions the major areas of the four lobes stated earlier being, 
areas 9, 10, 11, 44 and 45 for the frontal lobe, areas 5, 7, 39 and 40 for the parietal lobe, 
areas 17, 18 and 19 for the occipital lobe and areas 20, 21, 22 and 38 for the temporal 
lobe (Figure 5.3). It can already be seen that the brain is not composed of a number of 
well defined regions but can be divided (and sub-divided) into any number of regions. 
This attribute makes comparison of values quoted in the literature difficult, especially 
considering the lack of published data on the relative volumes of the various regions. For 
example, Andrasi [And90] determined elemental concentrations for the cerebral cortex. 
Pinheiro [Pin90] divided the cortex and examined concentrations for the frontal lobe, and 
Ehmann [Ehm86] further divided the frontal lobe into middle and anterior regions. 
Duflou [Duf89], on the other hand divided the cortex into grey and white matter and 
determined elemental concentrations for these. Although these publications all essentially
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refer to the same brain region they cannot be directly compared.
5.3 Brain function.
The process of mapping brain functions to specific regions is not a simple one. Some 
knowledge has been gained gradually over a period of years using various techniques. 
These include the stimulation of specific brain regions and observations of effects such 
as muscle twinges, functional nuclear magnetic resonance (NMR) and positron emission 
tomography (PET) in which the blood flow or glucose metabolism in the brain is observed 
as simple tasks are conducted. Patients who have undergone operations to sever fibrous 
connections or remove tissue in the brain (for example in epilepsy patients) also give 
clues as to the functions of regions as do stroke victims. Functional mapping is 
complicated by the fact that most tasks are associated with many brain regions. Perhaps 
the best example of this is the complexity of memory. It is believed that memories which 
are not lost in the first few seconds are held in the working memory in the frontal lobe 
[Swa95]. Memories are generally only transferred to the long term if they are practised, 
the region believed to be involved in learning and placing memories into storage being 
the hippocampus [Mos95]. These long-term memories are then thought to be at least 
partially stored in the cerebellum [Blo95]. However, in the case of visual learning, 
memories can be placed immediately in long-term storage without the need for practice; 
these memories are stored in the temporal cortex [Rol95].
The cerebral cortex is highly functional and through its regions covers many basic skills. 
The areas used for different functions can be described by the Brodmann area [Mon81]. 
Brodmann areas 41 and 42 of the temporal cortex form the auditory regions, area 17 of 
the occipital lobe the primary visual region, area 34 of the temporal lobe the olfactory 
region and areas 39, 40, 21 and 22 the somatic (sensory) and speech and language 
regions. The two brain hemispheres are associated with different functions. In general, 
for right handed individuals, the left hemisphere is associated with speech and language 
whilst the right hemisphere is associated with spatial tasks. The speech and language 
region is larger in the left hemisphere than the right hemisphere in 95% of right handed 
people and 70% of left handed people [Tho93]. Although the two brain hemispheres 
have different functions they work closely together through the corpus callosum.
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As well as its role in the learning of new memories, the cerebellum is involved in 
sensory-motor co-ordination and its removal results in jerky, uncoordinated movements. 
The cerebellum receives information from the vestibula, auditory and visual systems.
The thalamus is involved in processing visual and somatic (sensory) information. Sensory 
fibres from the spinal cord pass information to the brain stem and through the thalamus 
before reaching the cerebral cortex. Information from the optic nerves pass to the 
thalamus in a cross-over fashion, so that the right thalami receive information from the 
left eye, the information is then passed to the occipital cortex.
5.4 Review of the literature on the elemental composition of the human brain.
The fresh weight concentrations of 58 elements detected in five major regions (and ’whole 
brain’) of the ’normal’ human brain have been summarised in Table 5.1. The techniques 
used, number of brains analysed, age and sex of subjects and the number of brain regions 
sampled are given in Table 5.2. Many of these studies have been conducted as controls 
alongside studies of neurological diseases such as Parkinson’s [Dex91] Huntington’s 
[Dex91], Alzheimer’s [War86], schizophrenia [Kor94], brain tumours [And95b] and 
amyotrophic lateral sclerosis [Kha90]. The main aim being to pinpoint any significant 
differences between the ’normal’ and diseased tissue. The literature prior to 1978 was 
summarised by Iyengar [Iye78] and is given in Table 5.1 in bold type, other references 
given are therefore post 1978. For some publications [Wen90], [Dex91], [Koe93] only 
the dry weight concentrations are quoted with no dry to fresh weight conversion ratio, 
therefore it has been necessary to use the conversion ratios derived in this work (Table 
5.4) to calculate the values given. Since the basal ganglia were not sampled here, 
publications where only the dry weight concentration for this region was quoted [Dex91] 
have been left as dry weight concentrations.
Mean concentrations for the cerebral cortex were calculated using the surface areas for 
the various lobes given by Blinkov [BH68], corresponding to cerebral volumes of 31.3% 
for the frontal lobe, 16% for the occipital lobe, 21.4% for the parietal lobe and 31.3% for 
the temporal lobe. Cortical regions were calculated as being 50% grey matter and 50% 
white matter if these values were quoted separately. Concentrations for the basal ganglia
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were calculated using the volumes, 35.3% for the caudate nucleus, 44.9% for the putamen 
and for the 19.8% globus pallidus [Bli68].
On examining the literature it can be seen that concentrations for the minor elements such 
as Cl, K, Na and P (but not S) are in fairly good agreement between publications. 
However for the trace elements large discrepancies exist. It seems unlikely that these 
differences can be explained purely by different environmental exposure, age and sex of 
experimental groups. It can also be seen that whilst the cortex has been quite extensively 
studied for the other regions data is more sparse.
Duflou [Duf89] examined the elemental composition of 50 brain regions from 12 subjects. 
On analysis of the element concentrations Duflou found that the regions fell into two 
groups, one containing regions of grey matter and mixed matter and one containing 
regions of white matter and mixed matter.
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Table 5.1: Fresh weight element concentrations from the literature
(in jag/g unless otherwise stated).
Element Whole brain Cerebral
cortex
Hippo­
campus
Cerebellum Basal
ganglia
Thalamus
Ag ng/g g  Q[Ehm8 6 ]
4-40
^ 4  4[Koc93] 
7  g[W ar8 6 ] 
g  Ç[Wen90]
6 .0 [War86]
A1 0.5-3.6 Q g7[A nd94]
0 32tAnd95a]
0 6 5 [K o = 9 3 ]
Q 3 g [W « 8 6 ]
0.26[And94] 
Q 3 4 [ w ar86]
0.36[And94]
1
1
 
o 
d
Q 3ç[A nd94]  
Q 37[And95a]
As ng/g 100 |7 [K o e9 3 ]
3.0[Lar79]
2 Q[War8 6 ]
2  7  [Ear? 9] 
2 g[W ar8 6 ]
3.0[Lar79] 1 .6 tLar791 2  2 iLar79^
Au ng/g 370 1.06'^ 9^
B ng/g 60 2910[And95bl
7 g[W ar8 6 ]
g^ [W ar 8 6 ] 3910[And95b)
Ba ng/g 6.0 2260[And94] 
2 1  lOlAnd95b]
4 j 4 [Koc9 3 ]
2 ^[War8 6 ]
1720[And94]
gg[W ar 8 6 ]
2 3 5 Q [ A ik194]
2 2 0 0 [And94] 2650[And94]
2400[And95b]
Br Q fyytEhmSG] 
Q ^ g [K h a 9 0 ]
0.91[Tap91]
1.7
Q g 7 [War8 6 ]
0  51 iWcn9°)
2  4[Zlm91]
Q g 4 [War8 6 ]
Ca 63.4[Tap91] ^Ç[Duf89]
22 5 [K ot94]
1 0 0 [pin90]
49.6 [War861
45.3[Zhu91]
gg[D ug89]
67.j[K0r94]
2 7  2[Pla87] 
4 2  g{W ai8 6 ]
6 2 t Du® 9i
130
^j^[Du£89]
55.7 [pin901
^2[Duf89]
Cd ng/g 500 g 4 [War8 6 ] 0[H a87]
gQ[VVar8 6 ]
Ce ng/g ^ g [ K o c 9 3 ]
Cl 2 4 7 Q [E hin86]
1470lKlia90]
1400-2330
1 2 1 0 lZhu91] 1660^aa87^
Co ng/g g  g[Ehm 8 6 ] 
g  g [ K W 0 ]
55-210
7  q[Koc93] 
g  ^[War8 6 ] 
4  g[\Ven90] 
|  j 7[Zlm91]
3  2 [^War8 6 ]
Cr ng/g 130[Ehm 86J
10-360
23 4[Kou93i
S2 .g[War86]
5 4  Q[Wcn90] 
2Q^lZlm91]
2g[R a87]
2 [War8 6 ]
I l l
Table 5.1 (cont): Fresh weight concentrations from the literature.
Element Whole brain Cerebral
cortex
Hippo­
campus
Cerebellum Basal
ganglia
Thalamus
Cs ng/g g  g[Ehm 8 6 ] 
^ 2[Kha90]
0.7
1 4  4tKoc93] 
Ç[War8 6 ] 
g  y[Wcn90]
54-73
g[Pla87] 61
Cu 3.6[Tap91]
4.0-10.6
g  2[And94] 
2  g[And95a] 
2  g[And95b] 
2  2[nex91]  
4  j  [Duf89] 
4  g[Koi94] 
g  g[Pin90]
1 78iWar86)
g  g[Ztm91]
g  çg[A nd94] 
g  ^[Du£89] 
Q 7 g[Kor9 4 ]
3.06^^'
1 75[War86]
g g [A n d 9 4 ]  
g  ^[Dex91] 
5  4[Du£89]
5.5
7  7 [And9 4 ] 
7  2 [And9 5 a] 
g  2[Du£89] 
jg [D cx 9 1 ] *
6 .0 ™ '
g  <j[And94] 
g  Q[And95a] 
2  7[And95b] 
4 j[D u £ 8 9 ]
Dy ng/g < 2 7 [ K oc93]
Eu ng/g j  l[K oe93]
F 0.03-1.5
Fe 5 8 .2 ^ 0
4 7  j[Tap91] 
5 4  g[Ehm 8 6 ]
52-57
5 6 .8 [ ^ '
2 4  g[And95a] 
2 4  Q[And95b] 
4  j[DuC89] 
4 5 5 L K o c 9 3 ]
4 1  g[Kor94] 
2 9  Q[Pin90]
2g[R ic89]  
4 8  7 [War8 6 ]
42 4[Wen9°] 
42 F3”191!
41 3 [And90] 
3 8 . 8 ^ 9]
40.4[Kor941
2 8 .0 ™ '
24[R ie89]
53 5[War86]
51.2[Duf89]
73.3
146[And95ai
1 2 0 D^u£89'
ioo'Pin90'
44.8[And95al
5 2  4[And95b] 
6 0 _7 [Duf89]
Ga 0.00006-12.8 0 .1 1 [Koe93]
Gd ng/g <27^ "=93]
Ge ng/g 0 .1 -2 . 6
Hf ng/g 3 .96'^ 9^
Hg Q jg[E lira 8 6 ]
0  i 2 K^lia90^ 
0.10-0.14
023[K°=93]
Q 14(W ai86] 
0 .0 1 2 tWcn901 
0.03lztm91] 
0.005
Q ^ [W arS d ] 0.28
I ng/g 2 2 2 2 [War8 6 ] 2 g[W ar8 6 ]
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Table 5.1 (cont.): Fresh weight concentrations from the literature.
Element Whole brain Cerebral
cortex
Hippo­
campus
Cerebellum Basal
ganglia
Thalamus
K
11
1!
1
1
1
! 2690[And90]
2930[Dllf89]
2430tKoc93]
2340lPin90]
2370[War86]
2320[Wen9O]
2460[Zhu91]
2 1 50[And9O]
2930[Du£89]22gQ [W «86]
3 Q 7 q [Du£89]
3420[Vau87]
2750
3260[Du£89]
3 Q 7 0 [Pin9O]
3110[Du£89]
La ng/g 1.0 gg[Koc93]
j^tW arSâ]
2 7 [War86 ]
Lu ng/g 0 .59 '^ 9^
Mg 134-153 g  [Kcii-94)
49.7[War86]
132[Zhu9l]
114-630
|0 2 [K o r 9 4 ]
48 5 [War86]
180
Mn Q  2 ]/K h a9 0 ]
0.31[Tap91]
0.2-0.4
2 Ç[And90]
0 39 [And941
0  23[And95a]
0  22[And95b]
Q.2 2 [Du£89]
0.0078^^3]
0 .2 1 [Lar79]
0  l 6 [Mar84)
0 .1 8 ™ '  
0.005 l [War86] 
0 .2 2 lZhu91]
0  2 9  [And90!
Q .3g[A n d 94]  
0  27[Du£89]
0.13[Lar79]
0 2 3 ^ ^ 7 ]
00^[War86]
0  4 g[A nd94 ]
0.28[Du£89]
Q_24[Lar79]
0 32[Mar84] 
1.9
0.51[And90]
0.43 [Pin901
0 .4 6 [M a r8 4 ]
0 7 Q[And94]
0  7 3[And95a] 
0  4 g [D u f8 9 ] 
O '4 0 [W 7 9 ]
o 
o 
P 
P 
o 
o
y n
u
n
Mo ng/g 210 24[W ar86] 0 J 6 [War86]
Na 1540^Ehm86i
1590[Kha90]
1790
1450[And90]
1560[And95b]
1190[Koc93]
1310[Wcn90]
34Q [V au87]
1660-1800
Nb 0.7-1.6
Nd ng/g <450^"=93'
Ni ng/g 140-160 2 2 [War86 ] 2 g[W ar86 ]
P 2660[Ehm86]
2800-3430
2830[And90]
2 7 1 0[Zlm91]
3 4 1 Q[Vau87]
Pb 0.13-0.50
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Table 5.1 (cont.): Fresh weight concentrations from the literature.
Element Whole brain Cerebral
cortex
Hippo­
campus
Cerebellum Basal
ganglia
Thalamus
Rb 2  2 j)[Ebm 8 6 ] 
2  Q j[K ha90]
3.6-4.0
mini
2  ç[Du£89]
]  yÇ [Pla79]
1 07[War86]
11.5
2  4[Du£89]
5  -y[Pin90] 
g  4[Duf89]
g  g[Du£89]
S 1500-1860 4 7 Q[W ar8 6 ]
1850[Zhu911
450'War86] 1060[Vau87]
Sb ng/g  ^2 [Ehm8 6 ]
7.0
7.6tKoe93]
g  Ç[W ar8 6 ]
6 .6 [War86]
Sc ng/g Q  ^[Elim 8 6 ] 
2 1 0
Q  2Ç)[Koc93] 
2  ^ [W ar8 6 ] 
Q  j Wcn90] 
j  g[Ztm91J
2  y  [War8 6 ]
Se Q ^çtE hm Sô]
0 . 1 8 [Kha90]
0 .1 1 [Tap91]
0.27-1.64
iliiiiii
o 
o 
o 
O 
o 
o 
o
0  2 4 [ Du£89]
0 .1 2 [Lar79]
0 .1 2 [Ha871 
Q 1 0 [War8 6 ]
f)  1 Q[Du£89]
0 .1 5 ^ 79]
0.16[Vau87]
o 
d 0.18[Duf89]
0.19[Lar79]
Si 23 20lWar86] 20[Wair86]
Sm ng/g 2g4(Koc93]
Sn ng/g 60-550 2 g [W ar8 6 ] g Ç [W ar8 6 ]
Sr ng/g 80 g2Q[And94]
] 4 4 t And95b]
2'7Q[K°e93]
2 [^War86]
224tAnd94]
2 g[W ar8 6 ]
560[And941 2g0[Aiid94] 162'And94*
2g0[And95b]
Ta ng/g 1.98'^93]
Te 0.9-20.6
Tb ng/g 0  Ç[Kt«93]
Th ng/g g^ [Koc93]
Ti 0.07-0.8 0  2 ]  [War8 6 ] 0  ]  ]  [War8 6 ]
Tm ng/g 2^ [Koc93]
U ng/g 0.32-1.6 <.p[Koc93]
V ng/g 30  ^4lWar86] g  4  [War8 6 ]
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Table 5.1 (cont.): Fresh weight element concentrations from the literature.
Element Whole brain Cerebral
cortex
Hippo­
campus
Cerebellum Basal
ganglia
Thalamus
W ng/g g  4 [Koe93 ]
Yb ng/g 4  g[Koc93]
Zn g[Kha90] 
9  j[Tap91]
12-84
14 olAnd90] 
2 0  ç t ^ 94!
-y g[And95a] 
■y y[And95b] 
Ç 9[Dex91]
2 2  i i D ^ ]  
9  <y[Koe93] 
2 4  g[Kot54] 
2Q[Pin90]
<y 9 [War86] 
2 0 6 [Wen90] 
<y g[Zhu91]
2 4  g[And90] 
2 4  g[And94]
2 4  7[Duf89]
2 5  7[Kor94] 
7  9[Pla87] 
g  4 [War86 ]
2 6 _2 tAnd94]
2 7
7  9[Dcx91] 
1 0  9 [Duf89]
16.5[And94]
2 g  ^[And95a]
1 2 .6 [Duf89] 
35.8[Dcx91] *
2 3  3  [And94]
1 2  3 [And95a]
2 4  Q[And95b]
1 0 .8 [Du£89]
Zr < 2 .8 ^ 3 ]
* dry weight concentration.
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Table 5.2: Techniques used, number of subjects and regions, age and sex of subjects.
Author Technique No. of 
subjects
Age No. of 
each sex
No. of 
regions
No. of 
elements
And90 NAA
ICP-AES
1 1 65-75 1 1  cf 1 2 6
And94 INAA
ICP-MS
1 1 ? ? 1 0 6
And95a INAA
ICP-AES
2 0 mean = 70 ? 1 0 5
And95b INAA
ICP-AES
2 0 ? ? 2 1 8
Dex91 ICP-MS 34
37
13
32
75.5 ± 2.7 
81.8 ± 1.3 
6 6 ± 5 .9  
76.4 ± 2.9
13«f 219
14cf 23$  
7 cf 6 $
17cf 15$
1 0
5
8
5
2
Duf89 PIXE 1 2 7-69 4cT8$ 50 8
Ehm8 6 INAA 28 22-85 ? 16 15
Kha90 INAA 9 ? ? Bulk brain 1 2
Koe93 INAA 1 ? ? 2 36
Kor94 AAS 1 2 41-91
(mean=75±7)
2 d1 1 0 $ 7 5
Lar79 NAA 5 15-81 3 d' 2 $ 24 3
Mar84 INAA 28 adults 
5 infants
22-85
premature- 6
months
? 15 1
Pin90 PIXE 5 28-44
(Mean=34±6)
? 5 8
Pla87 NAA 1 0 ? ? 4 9
Rie89 spectro-
photometric
4 68-79
(mean=73)
1er 3$ 5 1
Tap91 PIXE 2 ? ? Bulk brain 8
Vau87 PIXE 2 ? ? 1 (cerebellum 
-3 layers)
4
War8 6 NAA 30 55-72 15cT 15$ 2 32
Wen90 INAA 1 2 59-83 8 cr 4$ 1 13
Zhu91 INAA 23 ? ' 23 <r 1 17
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5.5 Subject and sample details.
Brain tissue from ’normal’ ageing subjects was obtained from the Royal Surrey County 
hospital, Guildford. The neurologist responsible for dissecting the samples was informed 
of the sample handling procedures required for trace element analysis, including the 
cleaning of materials with Decon 90® and rinsing with deionised water (both of which 
were supplied) and the use of talc free gloves. The hospital was supplied with pre­
cleaned, weighed and labelled polyethylene containers.
For each brain a section of tissue (typically 4cm3) was selected for each sample. The 
regions chosen were the cortex, hippocampus, thalamus, and cerebellum. Samples were 
taken from each of the major lobes of the cortex (frontal, occipital, parietal and temporal) 
and from both hemispheres of each brain. Samples of the thalamus and hippocampus 
were also taken from both hemispheres, meaning that thirteen brain regions were sampled 
in all. The brain regions were chosen because of their relevance to Alzheimer’s disease, 
the hippocampus and cortex being particularly severely affected. These samples also 
cover most of the major regions of the brain (except the brain stem), between them 
sampling 75% of the total brain volume (assuming that the sample taken is representative 
of the region).
The study was restricted to elderly individuals (>65 years) with no obvious signs of 
neurological damage (such as brain atrophy), although no histological examinations, for 
the identification of plaques and tangles, were conducted. Samples from any long 
postmortem interval (generally >48 hours) were rejected, however two brains of PM 
intervals of 50 and 70 hours were sampled. Samples from subjects suffering any cerebral 
haemorrhaging were rejected. The ages, sexes, PM intervals and cause of death for the 
subjects studied are listed in Table 5.3.
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Table 5.3: Patient details for 10 males and 9 females of mean age 78.5 ± 7.4 years and
mean post mortem interval of 32.6 ± 12 .8  hours.
Patient Age Smoker/
non-smoker
Sex PM int. Cause of death
1 89 non M 50 bronchopneumonia
2 80 non M 2 2 myocardial infarction (MI)
3 76 non F 26 metastatic carcinoma
4 87 non F 34 heart attack
5 76 smoker M 2 2 bronchopneumonia
6 70 smoker M 34 MI
7 93 non M 17 ruptured aorta
8 89 non F 39 pulmonary embolism (PE)
9* 75 non F 37 MI
1 0 69 smoker M 26 collapsed lung
1 1 74 smoker M 23 aortic embolism
1 2 82 non F 47 perforated stomach ulcer
13 76 non F 33 aortic embolism
14 71 non F 32 peritonitis
15* 6 6 non F 37 MI
16* 83 non M 35 MI
17* 76 non M 70 coronary thrombosis
18 74 non M 2 0 aortic embolism
19 8 6 non F 15 PE
* element concentrations were not determined for these samples.
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Samples were collected in person from the hospital immediately after the PM examination 
had been conducted to ensure minimal delay before fixation. Samples were transported 
in an ice box with typical journey times being less than 15 minutes. On receipt at the 
university samples were frozen, freeze-dried and prepared as described for the porcine 
brain tissue in Chapter 4.
5.6 Dry to fresh weight conversion ratios.
The conversion ratio for the calculation of fresh weight concentrations from dry weight 
concentrations was determined for each individual brain tissue sample. These sample 
specific values were the ones used to calculate fresh weight concentrations. The mean 
conversion value for each region was then calculated (Table 5.4).
Table 5.4: Mean dry to fresh weight conversion ratios (± one standard deviation).
Region (n) Mean conversion ratio Mean conversion ratio for both 
hemispheres
Frontal cortex Right (18) 0.185 ± 0.027 0.187 ± 0.028
Left (18) 0.190 ± 0.029
Occipital cortex Right (18) 0.198 ± 0.021 0 . 2 0 0  ± 0 . 0 2 2
Left (18) 0.202 ± 0.024
Parietal cortex Right (17) 0.204 ± 0 .018 0 . 2 0 1  ± 0.018
Left (18) 0.199 ± 0.017
Temporal cortex Right (18) 0.174 ± 0.024 0.175 ± 0.020
Left (18) 0.176 ± 0.019
Thalamus Right (18) 0.225 ± 0.029 0.222 ± 0.033
Left (18) 0.219 ± 0.037
Hippocampus Right (18) 0.179 ± 0.020 0.182 ± 0 . 0 2 0
Left (18) 0.184 ± 0.019
Cerebellum (17) 0.181 ± 0.045
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Since no significant differences (p>0.1) in conversion ratio were found between the two 
hemispheres for any brain region the mean for both hemispheres is also stated. For the 
remaining discussion of conversion ratios no distinction is made between the hemispheres.
A frequency plot for all dry to fresh weight ratios is shown in Figure 5.4. The 
distribution can be seen to be roughly Gaussian and when the analysis for Gaussian peaks, 
given in Chapter 2 was conducted (eqn. 2.22) a straight line correlation coefficient of 
0.9895 was obtained. Therefore the student t-test, which assumes a normal distribution 
of values, but is resident to small deviations can be employed in statistical analysis.
i :--------- 1--------- 1--------- 1--------- 1--------- 1--------- 1--------- 1 i r
9- 11- 13- 15- 17- 19- 21- 23- 25- 17- 29- 
Dry to fresh weight ratio (x1 O'2)
Figure 5.4: Distribution of dry to fresh weight ratios for all brain regions.
In comparing the dry to fresh weight ratios of the various brain regions significant 
differences (calculated using two tailed t-tests) were seen (Table 5.5). T-tests had to be 
two tailed since there was no prior knowledge of which regions would have the higher 
concentrations. The conversion ratio was found to be significantly higher in the thalamus 
than in all other brain regions and the conversion ratio of the occipital and parietal lobes 
was higher than that of the temporal lobe, cerebellum and hippocampus. Duflou [Duf89]
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found the conversion ratio to be higher in white matter than grey matter. Of the regions 
studied here the cortical regions are composed of mainly grey matter with some 
underlying white matter, the cerebellum is mostly grey matter, the hippocampus is made 
almost entirely of grey matter and the thalamus is of mixed matter. Of the regions 
examined the thalamus has the highest amount of white matter and was found to have the 
highest conversion ratio, in agreement with that which would be expected from the work 
of Duflou. The hippocampus would be expected to have the lowest conversion ratio due 
to the lack of white matter. The hippocampus was found to have values significantly 
lower than the thalamus and occipital and parietal lobes, however, the temporal lobe 
(which is closely associated with the hippocampus) also displayed low conversion ratios.
Table 5.5: Significant differences (p-values) in conversion ratios between brain regions.
occipital parietal temporal thalamus hippo. cerebe.
frontal NS <0 . 1 NS <0 . 0 0 1 NS NS
occipital - NS <0 . 0 0 1 <0 . 0 1 <0 . 0 1 <0 . 0 1
parietal - - <0 . 0 0 1 <0 . 0 1 <0 . 0 0 2 <0 . 0 0 2
temporal - - - <0 . 0 0 1 NS NS
thalamus - - - - <0 . 0 0 1 <0 . 0 0 1
hippo. - - - - - NS
JNS - not significant (p>0.1).
Dry to fresh weight ratios were found to decrease (equivalent to an increase in water 
content) with age (p<0.01) in elderly patients. The largest decreases in conversion ratios 
were found to be in the thalamus (Figure 5.5) and the cerebellum. In dividing the 
samples into males and females the decrease in dry to fresh weight conversion ratios with 
age could be seen to be attributed almost completely to the male subjects with no 
significant correlation seen for females, this can be seen for the thalamus in Figure 5.5. 
In the literature, although the water content of the brain has been found to decrease from 
infancy to adulthood [Sny75], in ageing brains the water content has been found to 
slightly increase again [Mar81], however, the two sexes were not treated separately.
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Figure 5.5: Decrease of dry to fresh weight ratios in the thalamus with increasing age.
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Dry to fresh weight ratios have been plotted against the postmortem (PM) interval in 
Figure 5.6. The points represent the means for each brain and the error bars the standard 
deviation for conversion ratios over all regions for that brain. Conversion ratios taken for 
all samples were not found to be significantly correlated with PM interval (p>0.1). 
Iyengar [Iye81] showed the water content of liver samples to decrease with prolonged 
postmortem intervals (up to 72 hours) and storage times. The fact that no significant 
change in water content with postmortem interval was observed here gives confidence that 
the intervals were kept sufficiently short and the storage conditions sufficiently cold so 
that sample integrity was maintained.
Four of the male patients were smokers (Table 5.3). The dry to fresh weight ratio for 
their brain tissue was compared to that of four non-smoking males of similar age. Four 
non-smoking males were selected, rather than using the six male non-smokers available, 
due to the known dependence of dry to fresh weight ratios on age in males (Figure 5.5). 
The non-smoking males were found to have a conversion ratio of 0.185 ± 0.024, whereas 
for the smoking males it was significantly higher (p<0.05) at 0.203 ± 0.040. The change 
in water content was found to be region specific with the frontal lobe, thalami and 
temporal lobe showing significant differences whereas the hippocampus, cerebellum and 
occipital and parietal lobes showed no significant differences. (Table 5.6).
Table 5.6: Conversion ratios in smoking and non-smoking males.
Region (n) Smokers non-smokers p-value
Frontal cortex (8 ) 0.194 ± 0.015 0.172 ± 0.018 <0 . 0 0 1
Occipital cortex (8 ) 0.196 ± 0.019 0 . 2 0 2  ± 0.016 NS
Parietal cortex (8 ) 0.203 ± 0.023 0.192 ± 0.016 NS
Temporal cortex (8 ) 0.187 ± 0.029 0.162 ± 0.017 <0.05
Thalamus (8 ) 0.249 ± 0.04 0.213 ± 0.02 <0.05
Hippocampus (8 ) 0.191 ± 0.024 0.184 ± 0.019 NS
Cerebellum (4) 0.197 ± 0.086 0.165 ± 0.015 NS
JN5 - Mot significant (p>U.Jj
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Nicotine binding in the human brain is highest in the thalamus, low in the hippocampus 
and cerebellum and variable in the cerebral cortex [Cou95] in rough agreement with the 
alterations in conversion ratio found here. In the motor cortex, located in the frontal lobe, 
the nicotine binding sites are concentrated in the outer two layers of the cortex whereas 
for other cortical regions the nicotine binding sites are concentrated in more inner areas 
[Cou95].
In comparing the dry to fresh weight ratios of male and female subjects the four male 
smoking subjects were excluded. The remaining six male subjects and eight female 
subjects were not significantly different in age, 82.5 ± 6.8 years and 79.1 ± 7.7 years 
respectively. The conversion ratio for males (0.185 ± 0.033) was found to be slightly 
lower (p<0.05) than that for females (0.195 ± 0.03) in agreement with the findings of 
Ehmann [Ehm86].
5.7 Experimental conditions.
Brain tissue samples were simultaneously analysed by PIXE and RBS. The samples, 
attached to aluminium target plates using double sided tape, as described in Chapter 4, 
were irradiated sequentially by a 2MeV proton beam collimated to a 1mm diameter and 
scanned rapidly across the sample surface. A 4nA beam was used to prevent sample 
burning and a charge of approximately 8pC was collected for each sample. IAEA animal 
blood and Bowen’s kale were used as reference materials.
5.8 Major element composition.
The major elements making up the brain sample matrix were determined by RBS analysis 
and the use of the software XRBS as described in Chapter 2. No significant differences 
were found between the right and left hemispheres of the same brain region and so the 
values given in Table 5.7 are the mean dry weight concentrations (in %) for both 
hemispheres of each region. Values were calculated assuming that the elements detected 
make up 100% of the dry weight composition (thereby neglecting hydrogen).
Generally no significant differences in major element concentration were seen between 
the various regions of the cerebrum, however differences were seen between the
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cerebellum and the other regions studied for C, N and O (Table 5.8). Sodium 
concentrations were found to be significantly higher in the hippocampus than in the 
cerebellum (p<0.05), occipital (pcO.OOl), temporal (p<0.1) and parietal lobes (p<0.1).
Table 5.7 : Matrix composition (%) human brain tissue as determined
by RBS analysis.
Region (n) C N O Na Mg Cl
Frontal (18) 67.3 ± 3.7 7.9 ± 1.7 20.1 ± 3.5 2.4 ± 2.1 1.5 ± 0.4 1.8 ± 0.9
Occipital (17) 66.7 ± 6.0 10.3 ± 2.8 19.5 ± 4.0 1 . 2  ± 0 . 8 1 . 6  ± 0.9 2 . 2  ± 1 . 0
Parietal (15) 68.1 ± 4 .6 8 .8 ± 3 .0 18.8 ± 2.9 1 . 8  ± 0 .9 1.1 ± 0.4 1.5 ± 0.6
Temporal (20) 66.7 ± 5.0 8.3 ± 2.3 2 0 .8 ± 3 .4 1.7 ±  1.5 1 . 1  ± 0 . 8 1.8 ± 0.9
Hippocampus (18) 64.9 ± 8.3 9.4 ± 3.1 19.7 ± 3.3 2 . 6  ± 1 . 2 1.8 ± 0.9 2 . 0  ±  0 . 6
Thalamus (17) 67.0 ± 5.4 8 .2 ± 2 .7 19.8 ± 4.6 2 . 0  ± 0 . 8 1 . 8  ± 1 . 0 1 . 6  ± 0 . 8
Cerebellum (9) 61.2 ± 4.0 12.5 ± 3.7 21.7 ± 4 .6 1.5 ± 0.6 0.92 ± 0.38 2.4 ± 1.0
Table 5.8 : Significant differences between the cerebellum and other brain regions
using two-tailed student t-tests.
Brain region compared 
with cerebellum
P - value
Carbon Nitrogen Oxygen
Frontal lobe < 0.005 < 0 . 0 0 1 NS
Occipital lobe < 0 .05 NS NS
Parietal lobe < 0 . 0 2 NS < 0 . 1
Temporal lobe < 0 . 0 2 < 0 . 0 1 NS
Thalamus < 0.05 < 0 . 0 1 NS
NS - Not significant (p>0.1).
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5.9 Minor and trace element concentrations.
The minor and trace fresh weight concentrations determined by PIXE analysis have been 
given in Table 5.9. The concentrations obtained for iron appear to be high compared to 
the literature, this is discussed in Section 5.9.7 along with means of eliminating the 
contamination. Following the new procedures, the iron concentrations for the brain 
samples examined in Chapter 6 were found to be lower and in line with the literature. 
Arithmetic means, their associated standard deviations, geometric means and medians have 
been quoted. These values, along with the distribution of element concentrations, gives 
information about the essentiality of the element [Lie68]. Essential elements are 
maintained under homeostatic control, keeping the concentrations in the body within 
defined limits and resulting in a normal distribution of concentrations. The concentrations 
of non-essential elements are externally controlled by exposure, via food and the 
environment. Therefore non-essential elements generally have relatively low 
concentrations with occasional high values resulting in a log normal distribution. 
Frequency distributions have been plotted for P, S, Cl, K, Ca, Fe, Zn and Cd in Figures
5.7 & 5.9. These graphs can also be plotted as cumulative frequency plots on a log scale 
(Figures 5.8 & 5.10). Distributions which are normal in shape will display an S-shaped 
curve on a cumulative frequency plot whereas elements with a log-normal distribution will 
yield straight line plots.
It can be seen from Figures 5.7-5.10 that P, S, Cl, K, Ca, Fe and Zn display normal 
distributions whereas Cd displays a log-normal distribution. P, S, Cl, K, Ca Fe and Zn 
are known to have essential roles in the brain. Action potentials for the transport of 
neurotransmitters are achieved by the movement of Cl", K+ and Ca2+ ions across 
membranes. Iron was the first trace element realised as having an essential role through 
the anaemia produced by iron deficiency. In the brain iron has enzyme roles in energy 
metabolism and neurotransmitter homeostasis. The role of zinc is mainly a catalytic one, 
the element having been associated with over 200 enzymes [Lin91]. One of the main Zn 
enzymes is CuZn-SOD (superoxide dimutase). This enzyme catalyses the reaction which 
converts the harmful superoxide free radical to hydrogen peroxide and water. The log­
normal distribution of cadmium concentrations suggests a non-essential role. Cadmium 
is an element practically non-existent in humans at birth and which accumulates over time
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until it reaches a constant concentration at about 50 years [Und77]. Much body cadmium 
is located in the liver and kidneys, the cadmium concentrations of these organs being 
found to be approximately zero during gestation, with accumulation beginning 
immediately after birth [Tir95]. Since cadmium concentrations in organs are determined 
not by homeostatic control but by exposure via food and the environment, great 
geographical variations are seen in organ concentrations. The normal distributions of P, 
S, Cl, K, Ca, Fe and Zn allows t-tests to be conducted to calculate significant differences 
between regions. This statistical test assumes a Gaussian distribution but is resilient to 
small deviations.
Cr, Mn, Ni and Rb were also determined in some samples. The distribution of manganese 
concentrations has been plotted in Figure 5.11. Manganese is required by the brain for 
normal brain development and functioning. The enzyme Mn-SOD catalyses the same 
reaction as CuZn-SOD. The distributions obtained reflects that manganese is an essential 
element in the brain. Since Cr, Ni and Rb were only detected in a small number of 
samples it was felt that a statistical evaluation of the distribution of values would not be 
valid. Values for which no standard deviations are quoted in Table 5.9 were only detected 
in one brain sample for that region, errors can instead be quoted as the counting error 
associated with the value. Ni counting errors were of the order of 20% and for Rb, 40%. 
These counting errors are large since concentrations are close to the detection limit, 
detection limits for PIXE analysis of brain tissue are discussed alongside those for INAA 
in Chapter 6.
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Figure 5.7 : Frequency distribution of P, S, Cl and K concentrations (qg/g) in the
’normal’ human brain.
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Figure 5.8 : Cumulative frequency plots of P, S, Cl and K concentrations (qg/g).
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Figure 5.9 : Frequency distribution of Ca, Fe, Zn and Cd concentrations (fig/g) in
’normal’ human brain.
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Figure 5.10: Cumulative frequency plot of Ca, Fe, Zn (|ig/g) and Cd (ng/g) fresh
weight concentrations.
132
15 - - - - - - - - - - - - 1- - - - - - - - - - - - - 1- - - - - - - - - - - - - 1- - - - - - - - - - - - 1- - - - - - - - - - - - 1 i r
0.0- 0.1- 0.2- 0.3- 0.4- 0.5- 0.6- 
Fresh weight concentration (|ig/g)
_  1.0 O)
O)
O)
LL
1008040 60200
Cumulative frequency (%)
Figure 5.11: Frequency distributions for manganese fresh weight
concentrations (|ig/g).
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5.9.1 Variations in concentrations between the hemispheres.
The left and right brain hemispheres perform different functions; th e  right hemisphere 
being primarily concerned with non-verbal skills, recognition, mental rotation of objects, 
the left field of view and control of the left side of the body whereas the left hemisphere 
controls verbal skills, sequential and logical tasks, the tight field of view and the right 
side of the body. Since the two hemispheres perform different functions, requiring 
specific enzymes and neurotransmitters, it may be expected that element concentrations 
would vary between the hemispheres. Matched pair t-tests were used to identify 
significant differences in concentrations. Generally concentrations were found to be 
higher in the right hemisphere than the left hemisphere for the frontal and temporal lobes, 
hippocampus and thalamus and generally higher in the left hemisphere for the occipital 
and parietal lobes. This is in agreement with the general observations made in porcine 
brains [Ste94]. When considering individual elements for most elements no statistically 
significant differences between the two hemisphere were seen, however differences of a 
low significance (p<0.1) were seen for chlorine in the parietal lobe, potassium in the 
temporal lobe and calcium in the thalamus. Normalised concentrations for all elements 
and across all brains were used to compare the right and left brain hemispheres. No 
significant differences (p>0.1) were found between the right and left hemispheres for the 
frontal and occipital lobes, hippocampus and thalamus. However element concentrations 
were found to be significantly higher in the left hemisphere than the right in the parietal 
lobe (p<0.002) and at a low level of significance (p<0.1) higher in the right hemisphere 
than the left for the temporal lobe and thalamus. Although concentration variations 
between the hemispheres have been studied before by various authors [Duf87], [Duf89], 
[Ehm86], [Hoc75] this has always been by the calculation of a concentration ratio (of 
right hemisphere to left hemisphere) for each region and then averaged over all regions. 
However, the brains studied here show a difference between the hemispheres which is not 
systematically higher in a particular hemisphere for all regions. Therefore concentrations 
from the right and left hemisphere have not been averaged and contrary to most 
publications the values for both hemispheres are stated in Table 5.9. It should be noted 
that although differences between the hemispheres may exist, they are certainly very small 
and in this case a test must be conducted over all elements before the difference is 
significant. Also, the subjects studied here are elderly (69-93 years) and it cannot be
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assumed that hemispherical differences would also exist in younger individuals.
5.9.2 Elemental distribution between brain regions.
As well as differences between the two brain hemispheres, significant differences were 
also found between the various brain regions and these have been summarised in Table 
5.10. Since no highly significant differences were found between the right and left 
hemispheres for the frontal, occipital and temporal cortical lobes, the hippocampus and 
the thalamus the two hemispheres have not been treated separately. However, due to the 
differences between the parietal right and left hemispheres significance have been 
calculated separately for the two regions. The cerebellum and hippocampi were found to 
generally have lower concentrations of P, S, Cl, K, Ca, Fe and Zn (depending on the 
region) than the cortical regions whilst the thalamus displayed higher concentrations for 
P, S, K, Ca, Fe and Zn but not Cl. Elements were found to follow a similar distribution 
through the brain regions. Examining the literature shows that for these elements 
concentrations were found to be higher in the thalamus than the cortex (except for Ca), 
lower in the cerebellum than the cortex for about half of the studies but generally 
(although not always) higher in the cerebellum than the cortex. The occurrence of higher 
fresh weight concentration in the thalamus is the only trend agreed upon, and this was 
also found to be the most significant in this study.
The difference between the concentrations of P and S in the hipppocampus and the 
thalamus can be seen in Figure 5.12 where thalamus concentrations are located at the top 
of the graph and the hippocampus concentrations more towards the bottom. The regions 
can be said to form two overlapping clusters, this is the basis of another statistical method 
of expressing the significant differences (or similarities) in elemental concentrations 
between brain regions using pattern recognition (or clustering). The cluster analysis 
package ’Clustan’ [Wis87] was used to group the brain regions into a number of classes 
so that regions within the same class were similar. The data was first standardised by 
subtraction of the mean and division by the standard deviation. A similarity matrix was 
then calculated for the distance between the concentrations of each region using the 
squared Euclidean distance. The distance between two regions i and k, dy, is:
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(5.1)
where Xy - value of the jth element concentration for the ith brain region
m - number of elements.
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Figure 5.12: Normalised phosphorus and sulphur fresh weight concentrations in the 
thalamus and hippocampus of the ’normal’ human brain.
Hierarchial clustering was then applied, in which the regions pass through a number of 
cycles and in each cycle the two most similar regions (or cluster of regions) are joined. 
The similarity between clusters was calculated using the average linkage technique. This 
has advantages over single linkage (which uses the single highest similarity coefficient) 
and complete linkage (which measures the single smallest similarity coefficient) since it 
calculates an average similarity coefficient over all elements. Finally the dendrogram 
displaying distance measures between groups was plotted (Figure 5.13).
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It can be seen from the dendrogram that all regions of the cerebral cortex, except the right 
parietal lobe, are grouped together in one subcluster, that the right and left thalami are 
clustered together and that the right and left hippocampi are clustered together. The 
hippocampus and cerebellum contain the most grey matter and these can be seen to be 
clustered together and the thalamus, which contains the most white matter is clustered 
with the cortical regions rather than with the grey matter regions. It is interesting to see 
that the right frontal lobe is clustered with the right temporal lobe, the left frontal lobe 
with the left temporal lobe and the left occipital lobe with the left parietal lobe. For these 
regions concentrations of elements in different regions but of the same hemisphere are 
more similar than in the same region in the two hemispheres.
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Figure 5.13: Hierarchial cluster dendrogram  for thirteen brain regions from the
’norm al’ ageing human brain.
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5.9.3 Concentration correlations with postmortem interval.
Generally no significant correlations were found between element concentrations and the 
postmortem (PM) interval, Figure 5.14 shows the lack of correlation with PM interval for 
sulphur in the parietal lobe. Other elements and regions showed a similar lack of 
correlation except that concentrations were found to significantly increase with PM 
interval in the frontal lobe for the elements phosphorus (p<0.05), sulphur (p<0.02), 
potassium (p<0.01) and calcium (p<0.01) and iron (p<0.01). This was found to be 
primarily due to large concentration values calculated for brain tissue with a 50 hour PM 
interval (the longest PM interval of a brain for which concentrations were determined). 
Once this sample was removed no significant difference was seen between the PM interval 
and element concentration. With only the frontal lobe of one brain displaying increased 
concentrations it is difficult to say if this is due to an increased PM interval. It seems 
likely that the higher concentrations determined were real since the increase was found 
to be in both the right and left hemispheres, however since it is not proven that the PM
Post mortem interval (hours)
Figure 5.14: Lack of correlation between sulphur concentrations (ftg/g) and PM 
interval for 25 samples taken from the parietal lobe.
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interval was the cause of the increased concentrations we can only conclude that 
postmortem intervals may be important and so should be kept to a minimum.
5.9.4 Concentration correlations with age.
No significant correlation with age was found for the elements phosphorus, sulphur, 
chlorine, iron, zinc and cadmium. Potassium concentrations were found to increase with 
increased age (p<0.02) whilst calcium concentrations were found to increase with age in 
the frontal lobe (p<0.02). Duflou [Duf89] found potassium concentrations to decrease 
with age and iron concentrations to increase with age. This discrepancy is probably 
explained by the age groups studied. Whilst Duflou examined patients aged 7-69 years 
the subjects studied here were 69-93 years. Duflou found iron concentrations to increase 
rapidly in the first 20 years of life and then to remain fairly stable. The water content of 
the brain is known to exhibit a bell shaped curve, decreasing with age from birth but 
increasing again in elderly individuals (Section 5.6) and potassium concentrations are 
highly correlated with water content (Section 5.9.5). It may, therefore, be expected that 
potassium concentrations would follow the same bell shaped curve with ageing. However, 
none of the other element concentrations which were correlated with water were found 
to alter with ageing.
5.9.5 Inter element correlations and correlations with dry to fresh weight ratio.
Significant correlations were found to exist between the dry to fresh weight ratios and the 
concentrations of P (pcO.OOl), S (pcO.OOl) K (pcO.OOl), Fe (p<0.1) and Cd (p<0.02). 
Unlike with the porcine brain tissue no correlation was seen between the dry to fresh 
weight ratio and the concentrations of Cl.
Highly significant correlations (p<0.001) were seen in interelemental comparisons of the 
major elements P, S, Cl, K and Ca. The correlation between P and S is shown in Figure 
5.15. Highly significant correlations (pcO.OOl) were also seen between Ca, Fe and Zn 
and between Cd and Zn. Cadmium is bound to the protein metallothioein which also 
forms complexes with Zn, Cu and Hg [Und78]. Correlations between Cd and the other 
elements were found to be less significant (p<0.05) (Ca) or not significant (p>0.1) (P, S, 
Cl, K, Fe)
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Figure 5.15: Correlation between phosphorus (X-axis) and sulphur fresh weight
concentrations in brain tissue.
5.9.6 Effect of sex on elemental concentrations.
T-tests were carried out on the concentrations in brain tissue from 4 male (excluding the 
4 male smokers) and 7 female subjects. Both groups had a mean age of 81 years. No 
significant differences were found between the concentrations in the male and female 
brains for P, S, Cl, Ca, Fe, Zn or Cd. But K concentrations were found to be significantly 
higher in females than in males (p<0.001).
5.9.7 Iron concentrations
The fresh weight iron concentrations in the brain samples analysed here was found to be 
substantially higher than that reported in the literature. The two major sources from 
which iron contamination could arise are from the stainless steel dissection knife or by 
contamination of the samples with surface blood. To test if the dissection knife was 
responsible for contamination of tissue the sample edges which had come into direct 
contact with the dissection knife were compared against subsamples taken from inner
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sections of the same sample. Samples were taken from 7 brain regions. The mean fresh 
weight iron concentration for the samples which had come into contact with the knife was 
125 ± 78 |ig/g and for the non-contact samples was 123 ± 73 pg/g. For porcine brain 
tissue, iron was found to display the largest sampling factors of all detected elements, this 
may explain the fairly large standard deviations. Since no significant difference (p>0.1) 
was found between the two groups attention was turned to the possibility of blood 
contamination. At first this seemed unlikely since no such problem was encountered for 
the porcine brain samples, however, the human brain has a substantially more convoluted 
surface than the porcine brain and some difficulty was experienced in removing blood 
vessels from the deep sulci. If blood was the cause of contamination the high iron levels 
would be expected to be accompanied by high chromium levels. The iron and chromium 
concentrations were found to be significantly correlated (p<0.05), however since there is 
also Cr in stainless steel, contamination by knives would also be expected to show 
correlated Fe and Cr. When the number of brains was divided into two subsets on the 
basis of the order in which they were prepared and analysed the first subset was found 
to have a mean fresh weight iron concentration of 133±66pg/g and the second subset a 
highly significantly (pcO.OOl) lower mean concentration of 89±28pg/g. This implies that 
as more experience was gained in the sample preparation techniques required for human 
brain tissue the problem of iron contamination was much reduced. It was subsequently 
discovered that if samples were frozen and dried before the outer layer of blood and blood 
vessels were removed with a polyethylene spatula the problem of blood contamination 
could be avoided. This was the sample preparation method used for the samples analysed 
in Chapter 6 where the iron concentrations were found to be in line with literature 
publications.
5.9.8 Comparison between grey and white matter.
Brain tissue is composed of grey and white matter. The grey matter is composed of 
neuron cell bodies and makes up the cortex and the subcortical nuclei. The white matter 
is composed of myelin covered axons connecting the regions of grey matter. Since the 
regions examined in this work are homogenised sections of mixed matter of varying 
compositions it is difficult to make conclusions about the differing concentrations of 
elements in grey and white matter. Therefore a section of freeze-dried brain tissue from
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the right hemisphere of the occipital cortex was not homogenised and pelletized but 
instead left intact as a brain slice and attached to the target plate whole. A 0.2mm 
diameter proton beam was then pinpointed on several locations in grey and white matter 
rather, than being rapidly scanned across the sample surface, to observe the concentration 
variations between grey and white matter. Concentrations were left in dry weights since 
differences (by a factor of 1.5) have been found in the conversion ratios of grey and white 
matter [Duf89] and since the tissue was freeze dried as a block only a mean dry to fresh 
weight ratio was obtained. The mean dry weight concentrations (in (ig/g) for the section 
of occipital cortex have been given in Table 5.9. The concentrations of zinc and chlorine 
were found to be significantly higher in grey matter than white matter (two tailed matched 
pairs t-test). The large standard deviations are indicative of the highly heterogeneous 
nature of the unhomogenised brain tissue. Duflou [Duf87] found significant differences 
in the dry weight concentrations of copper and zinc in grey and white matter of human 
brain tissue but did not examine chlorine concentrations. The values stated by Duflou for 
zinc concentrations in grey and white matter were 68±8|ag/g dry weight and 31±7(ig/g 
respectively, in agreement with the values given here. Duflou attributed the higher 
concentrations in grey matter to the increased neuron density.
Table 5.9: Dry weight concentrations (p.g/g) for grey and white brain tissue.
Element Grey matter White matter P - value
P 16500 ± 7400 20500 ± 1800 NS
S 2000 ± 1500 1500 ± 870 NS
Cl 11800 ± 4600 4400 ± 2000 < 0 . 0 2
K 28700 ± 8700 22200 ± 5900 NS
Ca 1070 ± 330 1140 ± 2 4 0 NS
Fe 1400 ± 380 1750 ± 820 NS
Zn 8 3 ± 1 8 3 8 ± 2 0 < 0 . 0 1
Rb 44 ± 8 37 ± 5 NS
NS - Not significant (p>0.1)
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5.10 Conclusions.
The distribution of elements across thirteen brain regions and the effects of various factors 
on elemental concentrations and the dry to fresh weight ratio have been examined. The 
water content of the brain was found to be dependant upon the age (p<0.01), smoking 
habit (p<0.05) and sex (p<0.01) of the individual examined. Potassium concentrations 
were also found to be age (p<0.02) and sex (pcO.OOl) dependant, perhaps explaining the 
large values of standard deviations found for this element. Increased postmortem intervals 
were found to have no significant effect on the water content of the brain although it is 
possible that an interval >50 hours may affect the elemental composition of the frontal 
lobe. P, S, Cl, K, Ca, Fe, Zn and Mn were found to exhibit ’normal’ distributions typical 
of essential elements whereas Cd concentrations were found to have a log-normal 
distribution typical of a non-essential element.
P, S, K, Ca, Zn, Cr, Mn, Ni and Rb concentrations were found to agree with published 
literature ranges. The high concentrations obtained for iron have been discussed. 
Chlorine concentrations were also found to be higher than those quoted in the literature, 
this may indicate a high proportion of grey matter in the samples analysed here since Cl 
concentrations were found to be almost 3 times higher in grey matter than white matter.
It was found that the brain regions could be separated into clusters depending upon their 
grey and white matter composition. Differences in concentrations between the brain 
hemispheres were found to be small, however, there was a significant difference (p<0.002) 
in parietal lobe concentrations when taken over all elements. Grey matter was found to 
contain higher concentrations of Cl (p<0.05) and Zn (p<0.01) than white matter, probably 
as a result of the increased neuron density.
It was found that great care was required to prevent the samples becoming contaminated 
with iron from surface blood. It was discovered that blood contamination could be 
eliminated by freeze-drying of the sample before removal of the blood vessels which then 
came away in one piece.
1 4 6
Due to the dependence of water content and K concentrations on the subject age and sex 
it can be concluded that in any work comparing the concentrations of ’normal’ and 
diseased tissue age and sex matched samples must be used. Due to the inhomogeneous 
nature of brain tissue samples must also come from the same brain regions and contain 
the same proportions of grey and white matter.
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6. Comparison between ’normal’ brain tissue and that 
affected by sporadic Alzheimer’s disease.
6.1 Introduction.
Strictly speaking Alzheimer’s disease (AD) refers only to pre-senile dementia (aged <65) 
and senile dementia of the Alzheimer type (SDAT) should be used to refer to older 
patients (aged >65) [Tho88]. However, since the only difference between AD and SDAT 
is the age of onset no distinction between them is made here and both are referred to as 
Alzheimer’s disease. The Alzheimer cases examined here are from sporadic cases i.e. not 
from patients with known genetical risk factors.
AD is the most common form of dementia. It is characterised by a progressive and 
irreversible impairment of memory, cognitive decline, changes in personality and after 
many years profound dementia. Patients often die within 8-10 years of onset from 
secondary effects such as pneumonia, kidney infections and choking. AD affects 
approximately one person in twenty over the age of 65 [MRC93]. The incidence of the 
disease increases with age, doubling every 5 years after the age of 65 [Hup94]. The 
number of people over the age of 65 years is estimated to be rising at an annual rate of 
2.4%, which would give an estimated 210 million people worldwide over the age of 65 
by the year 2000 [Hup94]. With the increasing age of the global population and the fact 
that many sufferers need to be institutionalised to receive the specialist care they require 
the disease is making increasing financial demands. AD is characterised 
neuropathologically by widespread neurofibrillary tangles and senile neuiitic plaques in 
the brain tissue of sufferers. These were first observed by Alzheimer in 1906 [Alz06]. 
Tangles are composed of lOnm thick helically wound pairs of fibres formed within nerve 
cells whereas plaques are extracelluar regions of amyloid deposits, 5-100 |im  in diameter, 
and are associated with cell death. In the brain tissue of Alzheimer sufferers large 
numbers of plaques and tangles are found to be distributed through the brain with highest 
densities in the hippocampus and the cerebral cortex. A small number of plaques and
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tangles are found to form in the normal ageing brain.
There is no certain diagnosis of AD during life and formal diagnosis is by identification 
of plaques and tangles at post-mortem. This combined with the fact that AD is found 
only in man [MRC93] form the problems faced by researchers. Work is being conducted 
on the development of suitable animal models for the study of AD and p-amyloid 
deposition has been shown to occur in dogs [Weg94] and primates [Bon94]. At present 
the cause of the disease is unknown, although many theories exist and it is probable that 
there is more than one cause. Genetics and age are certainly risk factors. AD is 
essentially unbeatable, although in a small number of cases it may be possible to slow 
down the progression of the disease for a short period.
Several trace elements may be involved in AD including Al, Cd, Hg and Pb as 
neurotoxins, Cu, Zn and Mn for their role in the superoxide dimutase antioxidants CuZn- 
SOD and Mn-SOD, Se for its antioxidant properties and Fe for leading to excess free 
radical production.
The aim of this work is to obtain major, minor and trace element concentrations of 
’normal’ brain tissue and brain tissue affected by AD through the various lobes of the 
cerebral cortex. Many of the existing studies have not treated different brain regions 
separately and so have not examined the degree of damage (in terms of the concentration 
imbalance) for different regions. In addition no reference could be found in the literature 
which examined the concentrations with respect to the duration of the disease in the 
subject studied.
6.2 Current Research into Alzheimer’s Disease.
The research into AD of recent years has been extensive. A quick search on BIDS (Bath 
information and data services) displays over 6900 references on the subject for the years 
1990-1995. Therefore only the main areas of research have been briefly summarised here.
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6.2.1 Proteins.
6.2.1a Apolipoprotein-E (Apo-E)
Apo-E is a protein which is produced in the liver, spleen, brain, lungs, adrenal gland, 
ovaries, kidneys and in muscles. The brain produces the second largest amount of Apo-E 
after the liver and Apo-E is a major phospholipid in cerebrospinal fluid. The gene 
responsible for the production of Apo-E is located on chromosome 19. The main known 
function of Apo-E is to redistribute lipids, especially cholesterol, within an organ and 
between different organs. Cholesterol is required for repair, growth and maintenance of 
myelin and axonal membranes during development or after injury. The widespread 
production of Apo-E suggests that another function may also exist but at present no other 
function is known.
Apo-E has several different structures and one of these is Apo-4. The gene which 
produces this protein, allele e4, has been found to be three to four times more common 
in Alzheimer cases than in controls [MRC93]. Apo-E has also been shown to be a major 
component of plaques and tangles [Nam91] [Wis92], however the exact association 
between Apo-E and the amyloid deposits of plaques is presently unknown.
6.2.1b |3-Amyloid.
The main component of plaques is the protein (3-amyloid. Plaques are regions associated 
with cell death and there is evidence to believe that |3-amyloid is cytotoxic [Beh92]. 
Although the process by which (3-amyloid causes cell death is unknown it may be due to 
the presence of an excessive amount of free radicals (Section 6.2.2). (3-amyloid is derived 
from the much larger amyloid precursor protein (APP). The gene responsible for the 
synthesis of APP is located on chromosome 21. The true function of APP is not known 
but various roles including an involvement in the growth of neuronal and nonneuronal 
cells have been suggested [Sis95]. The abundance of APP in the brain and the evidence 
that changes in APP levels produce changes in brain function suggest an important role 
for APP.
It has been found in some familial cases of AD that there is a mutation in the gene on 
chromosome 21 which results in the production of excess APP and so more |3-amyloid.
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In Down’s syndrome cases there is an extra copy of chromosome 21 which may result in 
extra (3-Amyloid. Links between Down’s syndrome and AD are thought to exist due to 
the large number of plaques and tangles in the Down Syndrome brain and the fact that 
most cases of Down’s syndrome patients who reach the age of 40 years develop AD 
[Hup94].
6.2.1c Tau.
Tau is an abundant protein in all regions of the ’normal’ human peripheral and central 
nervous system. In the brain it is found to be mainly located in nerve cells and more 
specifically in axons [Bin85]. Tau forms a major component of paired helical fibres and 
may even be their only component [Lee91]. The only known difference between normal 
tau protein and that associated with AD is the high rate of phosphorylation (the 
mechanism by which cells make energy) in the type of tau protein present in tangles.
6.2.2 Free Radicals.
Free radicals are defined as having one or more unpaired electrons. Oxygen derived free 
radicals are formed by all aerobic cells as a result of respiration and the mechanisms 
below.
O2 + e —> O2 • —> O2 + H2O2 —> OH* —> H20  (6.1)
The reaction which converts the oxygen free radical, 0 2~* to 0 2 and H2O2 is catalysed by 
superoxide dimutase (SOD). H2O2 can be converted directly to H20  without the 
production of OH* radicals by the catalysts peroxidase and catalyse. The intermediate free 
radical OH* is highly toxic due to its role in lipid peroxidation, and can also produce 
damaging protein free radicals which lead to protein destruction. Protective mechanisms 
in the form of antioxidants such as vitamin E and C and Gluthatione (GSH) (including 
the selenium containing enzyme GSH-Px) usually exist as scroungers of free radicals.
The brain, and neurons in particular are susceptible to damage from free radicals for 
several reasons. Firstly, neurons contain lower levels of the antioxidant GSH than other 
cells, also there is much polyunsaturated fatty acid present in the cell membranes which 
will be likely to suffer from free radical induced lipid peroxidation. Finally, the brain 
requires a high quantity of oxygen resulting in the production of more free radicals.
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There is some evidence to suggest that free radicals are involved in AD. The incidence 
of AD is known to be age dependant with very few cases occurring before the age of 55. 
Other diseases which have also been shown to be age dependant include cancer, 
rheumatoid arthritis, atherosclerosis, emphysema, cirrhosis and diabetes, all of these have 
been associated with free radicals [Smi95]. There is also evidence that the ageing process 
produces an excessive amount of free radicals and a decrease in the ability to fight against 
free radicals resulting in an accumulation which will lead to cellular damage [Smi95]. 
There has been shown to be an increase in the iron concentration of the brain of sufferers 
of AD [Goo92] and it is known that iron acts as a catalyst in the production of free 
radicals [Coh85]. Furthermore the presence of p-amyloid, the main component of senile 
plaques which characterises AD, may result in the production of free radicals. The 
evidence for this is that while p-amyloid has been shown to result in cell death, cultures 
of nerve cells can be protected by the antioxidant vitamin E [Beh92]. Although this could 
be due to some mechanism other than antioxidant therapy propyl gallate (Figure 6.1), 
another antioxidant, has also been found to protect against cell death in cultures although 
to a lesser extent than vitamin E. Increased levels in the antioxidant CuZn-SOD have 
been reported in the skin of patients suffering from AD [Ura95]. However SOD will not 
protect against free radicals if there is no catalyse to reduce the hydrogen peroxide to 
water as the HO" free radical will be produced. The ability to produce an increased level 
of SOD has not been observed in normal neurons.
COOH o CH o CH
OH
OH
OH
Figure 6.1: Structure of propyl gallate.
Recently non-steroidal anti-inflammatory drugs (NSAIDs) such as ibuprofen, naprosyn and
indomethacin (taken, for example, for arthritis) have been found to reduce the risk of 
developing Alzheimer’s disease [Coh96]. However, aspirin, which is also an anti­
inflammatory drug was not found to have the same effect. In clinical trials indomethacin 
has also been found to protect Alzheimer patients against cognitive decline [Rog93], 
although the drug often has to be withdrawn due to stomach irritation and even gastric 
bleeding. It is believed that anti-inflammatory drugs may be able to act as antioxidants, 
scavenging free radicals such as OH- [Hal89].
No formal clinical trials have yet been conducted on the effectiveness of antioxidant 
treatment in AD.
6.2.3 Acetylcholine and Tacrine.
The neurotransmitter acetylcholine (ACh) is synthesised by the enzyme choline 
acetyltransferase (CAT) and its action is terminated by the enzyme acetylcholinesterase 
(ACE). The amount of both of these enzymes has been found to be reduced in patients 
suffering from AD with the greatest reduction in regions with the most neurofibrillary 
tangles [Dav76]. It has been shown that treatment with the ACE inhibitor 
tetrahydroaminoacridine (tacrine) can have beneficial effects on a small number of patients 
for a short time but cannot prevent the eventual progression of the disease. Studies have 
shown that high doses (~T60mg per day) or long periods of administration (~30 weeks) 
are required before any beneficial effects are observed [Kop95]. Adverse effects to the 
gastrointestinal system and toxicity to the liver often mean patients are withdrawn from 
tacrine. Tacrine is a new and controversial treatment and its benefits are known to be 
limited, it needs to be administered four times daily and is unsuitable for patients with 
advanced AD.
6.2.4 Nicotine.
Since the discovery that the incidence of AD is lower in smokers than non-smokers the 
main component of cigarettes, nicotine, has been investigated. It is believed that 
cholinergic stimulation by nicotine may be able to increase deficient levels of ACh in 
Alzheimer patients and therefore that nicotine could be used to treat the disease. Nicotine 
patches have been found to improve learning skills in Alzheimer patients [Wil95],
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however no improvement has been found in memory [Sna96].
6.2.5 Toxic Factor.
Aluminium is the third most abundant element in the Earth’s crust, making up 
approximately 8%. It can be found to be present in drinking water (due to the purification 
process), beer, kettles, root vegetable skins, cheese, cooking pots, foil wrap, pickling 
products, tea, decaffeinated coffee, milk formula, antiperspirant, toothpaste, soap, make-up 
and aspirin so exposure is unavoidable. Despite the large amounts of aluminium available 
to biological systems no essential role is known and during the lifetime accumulation 
usually remains low. Increases in levels of aluminium are usually associated with renal 
problems reducing the effectiveness of excretion.
The possibility of aluminium playing a significant role in AD has received much attention 
since aluminum levels were reported to be increased in some brain regions of patients 
suffering from AD in 1973 [Cra73]. Interest was further heightened when it was reported 
that an increase in aluminium levels in drinking water could be correlated to the incidence 
of AD [Mar89]. Since then many publications have been produced both confirming an 
increase in aluminium levels in the brain tissue of Alzheimer’s sufferers compared to 
controls and failing to find any significant differences. The findings have been 
summarised in Table 6.1. Work conducted on plaques and tangles has been concerned 
with whether these structures are associated with a localised increase in aluminium 
compared to the aluminium levels found in ’normal’ human brain tissue. Papers which 
have reported focal increases in aluminium have often described the aluminium as being 
co-localised with silicon [Can85]. Discrepancies in published results may be due to the 
sensitivity of the technique used, improper age matching of controls and normals 
(aluminium concentrations are known to increase with age in a normal population 
[Mar84]), contamination (maybe by staining) and the sample size chosen [Kri87]. 
However even the confirmation of increased amounts of aluminium may not be an 
indication that aluminium is a neurotoxin since it is not known if the aluminium 
represents the cause of the disease or is an effect of it. In addition many of the studies 
which have reported increased aluminium levels have found only focal increases which 
may be merely a redistribution of aluminium rather than an accumulation. These
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aluminium ’hot spots’ associated with plaques and tangles mean that the concentrations 
obtained become dependant upon the size of the sample selected as analysis of these focal 
areas would be expected to show higher aluminium concentrations than analysis on the 
bulk sample level [Kri87]. In contrast, in ’normal’ brain tissue it would be expected that 
the aluminium would be regionally uniformly distributed and so concentrations from 
different sample sizes would be far less variable.
Opinion on the role of aluminium in AD is divided with some groups believing that 
aluminium acts as a neurotoxin in AD. These groups point to the evidence that tangles 
can be produced in rabbits exposed to aluminium [Kla65] and dementia known as ’dialysis 
encephalopathy’ is reported in dialysis patients when exposure levels of aluminium are 
increased resulting in increased concentrations of aluminium in the brain [Alf76]. 
However the structure of the tangles that are produced in rabbits is different to that found 
in AD and as yet dialysis encephalopathy is the only evidence of aluminium induced 
dementia. Furthermore even in the case of dialysis encephalopathy no characteristic 
plaques and tangles are seen. The route which aluminium would take to the brain is also 
in doubt. Although it is possible that the aluminium could be absorbed intestinally and 
passed into the blood stream [Gij92] it is not certain whether the aluminium would be 
able to cross the blood brain barrier [Bra92]. Aluminium levels have been found not to 
be raised in the blood and CSF of patients suffering from AD [May90] suggesting that 
exposure is not through the stomach and into the blood. It seems possible that aluminium 
could reach the brain through the olfactory pathway since inhaled air will pass straight 
into the olfactory bulb. The olfactory bulb is part of the limbic system (Figure 5.1) which 
forms a border between the cortex underlying and fibres bundles and the brain stem. The 
olfactory areas are badly damaged by AD [Rez87] in terms of the number of plaques and 
tangles and the olfactory areas contain the most aluminium even in the ’normal’ human 
brain [Cra76J.
M an’s exposure to aluminium is certainly high and it is likely that there are pathways by 
which aluminium can reach the brain. Current research indicates that there is an increase 
in aluminium concentrations in very localised regions within the brain however there is 
no evidence that aluminium acts as a neurotoxin for the onset of AD.
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Where:
SEM - Scanning Electron Microscopy PIXI
EDX - Energy Dispersive X-ray spectroscopy IPM
E - Particle induced X-ray emission
- Ion Probe Microscopy
RBS - Rutherford BackScattering
NAA - Neutron Activation Analysis
EPM - Electron Probe Microscopy
XRS
LAMMA - Laser microprobe mass analysis
- X-ray Spectroscopy
AAS - Atomic Absorption Spectroscopy.
Mercury and lead, on the other hand, are both known to be neurotoxic. Mercury is known 
to lead to dementia and mercury use in the hat making industry led to the expression ’as 
mad as a hatter’. One source of mercury exposure is via seafood from industrially 
polluted waters, but recent references determine the mercury absorbed from sea food, even 
in small fishing villages, to be below the level of possible health risk [Val95] [Sch94]. 
Lead exposure is from food and the environment and toxic exposure results in behavioural 
problems, low IQs and poor attention spans in children [San86]. The concentrations of 
both mercury and lead have been found to be increased in Alzheimer brain tissue 
compared to controls [Ehm86] [Hes74] but a recent study on the blood from Alzheimer 
patients showed no increase in mercury concentrations compared to ’normals’ [Fun95].
6.2.6 Other elements in the Alzheimer brain.
Apart from the toxic heavy metals many other major, minor and trace elements have been 
quoted as being at different concentrations in ’normal’ and Alzheimer brain tissue. The 
main element concentration differences which have been associated with AD are 
summarised in Table 6.2 along with whether elements were found to be present in 
increased or decreased concentrations in Alzheimer brains and the regions which they 
were measured in. It should be noted that where most authors calculated significant 
differences over all regions for which concentrations were obtained Thompson [Tho88] 
and Andrasi [And95a] calculated significant differences separately for each region studied 
and found differences to be inconsistent. For example, Andrasi found iron concentrations 
to be increased in the cortex of Alzheimer subjects but decreased in the basal ganglia. It 
is interesting to see that Ehmann [Ehm86] who examined iron concentrations over 16 
regions found no significant difference between ’normals’ and Alzheimers.
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Table 6.2: Elements implicated in Alzheimer’s disease.
Increased concentration Decreased concentration No signif. difference
Ref. Region Ref. Region Ref. Region
Br [Ehm82]
[Ehm8 6 ]
[War87]
[Wen90]
cortex 
16 regions 
hipp/cortex 
cortex
-
[Tho8 8 ] hipp/nbM/amy
Ca [War87] hipp/cortex - - [Pla87] cortex
Cd [War87] hipp/cortex - - [Pla87] cortex
Cu [And95a]
[Pla87]
basal ganglia 
cortex
- - [War87] hipp/cortex
Cl [Ehm8 6 ]
[Ehm82]
16 region 
cortex
- - -
Cs [Tho8 8 ] amygdala [Ehm8 6 ] 16 regions [Pla87]
[Tho8 8 ]
[War87]
cortex
hipp/nbM
hipp/cortex
Fe [And95a]
[Tho8 8 ]
cortex
hippocampus
[And95a]
[War87]
basal ganglia 
hipp/cortex
[Ehm8 6 ]
[Pla87]
[Tho8 8 ]
16 regions 
cortex 
amygdala/nbM
K [Pin91] plaques [Tho8 8 ]
[War87]
amy/hipp
hipp/cortex
[Ehm8 6 ]
[Tho8 8 ]
cereb/hipp
nbM
Mn [And95a] cortex/thal [And95a] basal ganglia [Ala8 8 ]
[Mar84]
[Pla87]
[War87]
cortex
cortex/hipp/amy
cortex
cortex/hipp
N [Lan91]
[Tho8 8 ]
plaques
nbM
[Ehm8 6 ] 16 regions [Tho8 8 ] hippocampus
Na [Ehm8 6 ]
[Tho8 8 ]
16 regions 
hipp/amy/nb 
M
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Table 6.2 (cont.): Elements implicated in Alzheimer’s disease.
Increased concentration Decreased concentration No signif. difference
Ref. Region Ref. Region Ref. Region
p [Ehm8 6 ]
[Lan91]
[Pin91]
[Tho8 8 ]
16 regions 
plaques 
hipp/amy 
nbM
[Tho8 8 ] amygdala [Tho8 8 ] hippocampus
Rb [Pla87]
[Tho8 8 ]
[War87]
cortex
nbM
hipp/cortex
[Ehm8 6 ]
[Tho8 8 ]
[Wen90]
16 regions 
amygdala/hipp 
cortex
S [Lan91]
[Pin91]
[War87]
plaques
plaques
cortex/hipp
Sc [Tho8 8 ] amy/nbM [Ehm8 6 ]
[Tho8 8 ]
[War87]
16 regions 
hippocampus 
hipp/cortex
Se [Tho8 8 ] nbM [Wen90] cortex [Ehm8 6 ]
[Pla87]
[Tho8 8 ]
16 regions 
cortex 
amygdala
Zn [Ala8 8 ]
[Tho8 8 ]
plaques
amy/nbM
[And95a]
[War87]
[Wen90]
cortex/thal/BG
hipp/cortex
cortex III
cortex
cortex
hippocampus
where: amy - amygdala cereb - cerebellum
BG - basal ganglia nbM - nuclear basalis of Mynart
hipp - hippocampus thal - thalamus
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6.3 Sample selection.
’Normal’ and Alzheimer brain tissue was obtained from the AD Brain Bank, Institute of 
Psychiatry, London. For each brain a histopathological examination was conducted on 
several brain regions, this information, along with a history of dementia was used to 
classify a brain as Alzheimer. Brains containing no evidence of Alzheimer type changes 
were classified as ’normal’. Many of the Alzheimer patients had been closely examined 
in the years preceding their death and passed through a number of psychological tests. 
For these patients the course and duration of the disease were fairly accurately known. 
None of the Alzheimer patients studied was suffering from any known familial form of 
AD, therefore for these patients the disease is unlikely to be caused by genetic effects.
Generally, at the Alzheimer Disease Brain Bank, one hemisphere of each brain is fixed 
in a buffered formal saline for histological studies and the other half is sliced whilst fresh 
into 1cm thick coronal slices and snap frozen to -70°C. In some cases both brain 
hemispheres were frozen. Formalin fixed samples could not be used due to known 
contamination problems but both hemispheres of frozen brain samples were taken 
wherever possible. Samples were selected from right and left hemisphere of the frontal, 
occipital, parietal and temporal lobes of the cerebral cortex and were of typical fresh 
weight 5g. Samples were provided in plastic sample bags clearly marked with the sample 
identity. Frozen samples were transported to the university packed in dry ice, inside a 
polystyrene cold box. The typical journey time of one hour was insufficient to cause any 
sample thawing when samples were packed in this way.
Since samples were obtained already frozen, samples were freeze dried before the outer 
layer of blood contaminated tissue was removed. In other respects the sample preparation 
procedure was identical to that given in Chapter 4 for porcine brain samples. Samples 
were freeze-dried in the original plastic bags to reduce the possible contamination stages. 
Sample details for the ’normal’ and Alzheimer brain samples are given in Tables 6.3 &
6.4 respectively.
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Table 6.3 Sample details for ’normal’ tissue samples obtained from the Alzheimer
disease brain bank.
Age (yrs) Sex PM (hrs) Cause of death. Hemi Fro. Occ. Par. Tern.
79 M 32 coronary occlusion R ✓ - - -
L ✓ - - -
60 M 27 myocardial infarction L ✓ z - -
75 F 51 pulmonary infarction R ✓ - - -
51 M 53 chronic cardiomyopathy R ✓ z z z
L ✓ z z z
73 M 49 ruptured aortic aneurysm R ✓ z z z
L ✓ z z z
85 F 48 pulmonary embolus R / z - -
L ✓ z z z
48 M 28 intracerebral R ✓ - - z
haemorrhage L ✓ - z z
89 F 45 coronary occlusion R ✓ z - -
64 F 58 coronary occlusion R ✓ z z z
L Z z z z
75 M 45 carcinoma of left kidney R Z z z z
L z z z z
62 M 91 ischaemic heart disease R z z z -
L z - - -
6 8 F 42 ischaemic heart disease R z z z z
L z z z z
83 F 48 pulmonary embolism L z z z z
85 M 48 ischaemic heart disease R z z z z
L z z z -
90 F 30 myocardial infarction R z - z z
L z z z -
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Table 6.4: Sample details for the Alzheimer tissue samples obtained from the
Alzheimer disease brain bank.
Age
(yrs)
Sex PM
(hrs)
Dur.
(yrs)
Cause of death. Hemi Fro Occ Par Tern
76 F 32 5 Septicaemia /  arterial disease L Z - - -
8 8 F 46 9 old age L Z z z z
81 F 53 6 cardiac arrythmia L z - - z
81 M 57 2 bronchopneumonia /  carcinoma R z z z z
of lung L z z z z
90 M 48 20 cardiac failure /  hypertension L z z z z
87 F 27 5 myocardial infarction L z z z z
73 M 1 2 7 bronchopneumonia R z z z z
91 F 13 8 bronchopneumonia R z z z z
L z z z z
78 F 36 2 bronchopneumonia R z z z z
L z z z z
80 M 44 3 pulmonary oedema R z z z -
L z z z -
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Table 6.4 (cont): Sample details for the Alzheimer tissue samples obtained from the
Alzheimer disease brain bank.
Age
(yrs)
Sex PM
(hrs)
Dur.
(yrs)
Cause of death. Hemi Fro Occ Par Tern
84 F 19 ? bronchopneumonia R ✓ z z Z
87 F 29 8 bronchopneumonia R ✓ z z -
L Z z z z
79 F 16 3 bronchopneumonia R Z z z z
L z z z z
64 F 28 5 bronchopneumonia R z z z -
78 F 72 ? pulmonary embolism R z z z -
68 M 43 ? bronchopneumonia /  renal R z z z z
failure L z z z z
78 F 26 ? Alzheimer’s disease R z - - -
71 F 33 ? bronchopneumonia L z - - -
84 F 54 ? right femur fracture R z - - -
L z - - -
PM - post mortem interval.
Hemi. - brain hemisphere, right (R) or left (L)
Dur - Alzheimers disease duration
Fro. - frontal cortex
Occ. - occipital cortex
Par. - parietal cortex
Tern. - temporal cortex
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6.4 Dry to fresh weight ratios.
Brain tissue samples were freeze dried until no further loss in mass was observed 
(typically 100 hours). The frequency distributions for conversion ratios in ’normal’ and 
Alzheimer brain tissue have been plotted in Figure 6.2. Both cases can be seen to exhibit 
roughly Gaussian distributions with the Alzheimer peak shifted to the left of the ’normal’ 
one, indicating a higher water content in Alzheimer brain tissue. On conducting the 
Gaussian peak analysis given in Chapter 2 (eqn. 2.22) the linear correlation coefficients 
were found to be 0.9875 for the Alzheimer water ratios and 0.9843 for the ’normal’ water 
ratios. The mean dry to fresh weight conversion ratios are given in Table 6.5. Matched 
paired t-test were conducted on samples obtained in both hemispheres for ’normals’ and 
Alzheimers cases in each brain region. No significant difference was found between the 
brain hemispheres for any region or either disease state. Therefore the mean dry to fresh 
weight ratios of the two brain hemispheres have also been quoted in Table 6.5.
Table 6.5: Dry to fresh weight ratios (± one stand, dev.) in the cotex of ’normal’ and 
Alzheimer cases for individual hemispheres and mean values over both hemispheres.
Region Normal cases (n) Alzheimer cases (n)
One hemisphere Both hemis. One hemisphere Both hemis.
Frontal
lobe
right 0.196 ± 0.021 (13) 0.194 ± 0.021 
(26)
0.185 ± 0.027 (13) 0.185 ± 0.027 
(27)
left 0.193 ± 0.021 (13) 0.185 ± 0.027 (14)
Occipital
lobe
right 0.194 ± 0.022 (8 ) 0.196 ± 0.021 
(19)
0.198 ± 0.018 (11) 0.196 ± 0.019 
(2 1 )
left 0.197 ±0.021 (11) 0.194 ± 0.019 (10)
Parietal
lobe
right 0.200 ± 0.020 (9) 0.205 ± 0.026 
(19)
0.191 ± 0.021 (11) 0.185 ± 0.020 
(2 1 )
left 0.209 ± 0.029 (10) 0.179 ± 0.015 (10)
Temporal
lobe
right 0.199 ± 0.023 (9) 0 . 2 0 0  ± 0 . 0 2 0  
(18)
0.192 ± 0.021 (7) 0.183 ± 0.026 
(17)
left 0.201 ± 0.016 (9) 0.177 ± 0.027 (10)
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The dry to fresh weight ratio of brain tissue was found to be age dependant in Chapter 
5. On examining the ages of ’normal’ and Alzheimer subjects the Alzheimer cases were 
found to be significantly older. This was found to be due to the inclusion of two subjects 
aged 48 and 51 years in the ’normal’ group. Therefore in statistical analysis comparing 
Alzheimer concentrations with controls these samples were omitted. This gave normal 
conversion ratios of 0.199 ± 0.019 in the frontal lobe, 0.199 ± 0.020 in the occipital lobe, 
0.208 ± 0.026 in the parietal lobe and 0.201 ± 0.015 in the temporal lobe. Using these 
values, conversion ratios were found to be significantly decreased in Alzheimer cases 
compared to controls for the frontal (p<0.05), parietal (p<0.01) and temporal (p<0.05) 
lobes but not for the occipital lobe (p>0.1). This compares well with the pattern seen for 
histopathological damage to the cortex in AD, with the parietal and temporal lobes shown 
to contain many plaques and tangles [Gla95a] and the temporal and frontal lobes many 
plaques [Gla95b] whilst the occipital lobe remains relatively unscathed. In addition, using 
positron emission tomography, the cerebral metabolic rate of glucose and oxygen and the 
cerebral blood flow have been found to be significantly decreased in the frontal, temporal 
and parietal regions of the Alzheimer brain but normal in the occipital lobe [Fuk94].
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Figure 6.2: Conversion ratio frequency distributions for all brain regions sampled in
the ’normal’ and Alzheimer brain.
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Andrasi [And95a] examined regions of the cortex, thalamus and basal ganglia and found 
the water content of Alzheimer brain tissue to be greater than that of normal tissue and 
Ehmann [Ehm86] examined 16 brain regions and also found the water content of 
Alzheimer cases to be increased but neither author stated the differences for individual 
regions. Thompson [Tho88] on the other hand found the water content to be decreased 
in the nucleus baslis of Alzheimer patients and no significant difference between 
’normals’ and Alzheimers in the hippocampus or amygdala.
No significant differences were found between the conversion ratios of the different lobes 
of the ’normal’ brain samples. In the study of normals presented in Chapter 5 no 
significant differences were found between the frontal, occipital and parietal lobes, 
however, the temporal lobe was found to have a significantly (pcO.OOl) lower conversion 
ratio of 0.175 ± 0.022. Although the subjects from the Royal Surrey County Hospital 
were significantly (pcO.OOl) older at 78.7 ± 7.6 years than those from the Brain Bank, 
68.6 ± 13.5 years, this age difference should give about 4% difference in water ratio, not 
the 12% difference seen here. It may be that the temporal regions were taken from 
different Brodmann areas for the Royal Surrey and the brain bank samples.
In Alzheimer subjects the parietal lobe was found to have a significantly (p<0.05) lower 
conversion ratio than the occipital lobe, reflecting the large differences between normal 
and Alzheimer conversion ratios in the parietal lobe and no significant difference in the 
occipital lobe.
It was not possible to be as stringent with restrictions on the postmortem (PM) interval 
for samples obtained from the brain bank as it had been for the Royal Surrey County 
Hospital (RSCH) cases and PM intervals ranged up to 91 hours compared to a maximum 
PM interval of 71 hours for the RSCH samples, with all but two of the RSCH samples 
having a PM interval < 48hours. However, even with PM intervals of up to 91 hours no 
significant differences in conversion ratio were found with PM interval (p>0.1), suggesting 
that the storage conditions were good.
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On examining the conversion ratio with age in ’normal’ subjects it was found that the 
conversion ratio reached a maximum at 58 years. For cases under 58 years (n=20) there 
was a significant (p<0.01) increase in conversion ratio with age and for cases over 58 
years (n=69) there was a significant decrease (p<0.01) in conversion ratio. As with the 
’normal’ tissue examined in Chapter 5 the decrease was found to be mainly attributed to 
the male rather than the female subjects.
On examining the dry to fresh weight ratio in Alzheimer patients it was found that the 
ratio decreased with increased duration of disease (Table 6.6). The conversion ratio of 
Alzheimer patients was not found to be significantly lower than that of ’normals’ until the 
disease reached a duration of approximately 6 years but the conversion ratio was then 
found to stay roughly constant.
Table 6.6: Conversion ratios with duration of Alzheimer’s disease.
Duration Dry to fresh weight ratio.
Normals (n=63) 0.199 ± 0.023
2-3 years (n=22) 0.191 ± 0 .026
4-5 years (n=6 ) 0.184 ± 0.020
6-7 years (n=5) 0.177 ± 0.026
8-9 years (n=15) 0.178 ± 0.016
6.5. Elemental composition of the frontal lobe of ’normal’ and Alzheimer patients.
In Alzheimer’s disease the temporal lobe is affected early. As the disease progresses the 
other lobes of the cerebral cortex also become affected. The frontal lobe of the cortex 
may be particularly severely affected and pathology in this area in the brain may be 
associated with impaired cognition and changes in personality.
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6.5.1 Experimental conditions.
The tissue samples taken from the frontal lobe were analysed by FIXE, RBS and IN A A 
using short and long irradiations. This allows comparison of results obtained by different 
techniques and so gives a degree of confidence in the accuracy of values. PIXE and RBS 
analyses were conducted simultaneously with a 2MeV proton beam collimated to 1mm 
in diameter and scanned over the sample pellets. A beam of 4nA current was used and 
a charge of approximately 8pC collected.
For short irradiations the In-core Irradiation System (ICIS) was used where intervals of 
two minute irradiation time, 2 minute waiting time and 3 minute counting time were 
employed. This allowed the detection of magnesium and chlorine (of half lives 9.5 
minutes and 37.3 minutes respectively) which were not detected with longer irradiations 
and longer waiting times. The two minute waiting time gave ample time to move the 
samples from the reactor core to the counting room, via the pneumatic transfer system and 
to change the samples from the irradiation containers, which would give a background 
signal, to fresh polyethylene containers. For the long irradiations samples were placed in 
position 6 of core tube 3 of the reactor for 72 hours and transported back to the university 
for counting. The samples were placed in clean containers and the emitted gamma ray 
spectra collected after 5 days, 7 days and 14 days for counting periods of 15 minutes, 30 
minutes and 2 hours respectively to increase the number of elements detected. Table 6.7 
gives the gamma lines employed and the relevant half lives for the isotopes detected by 
ICIS and after long irradiations.
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Table 6.7: Isotopes, gamma energies and half lives, for long irradiations Run 1 
represents spectra collected for 15 mins after 5 days, Run 2 the spectra collected for 
30 mins after 7 days and Run 3 the spectra collected for 2 hours after 14 days.
Irradiation Isotope Energy of gamma 
line used (keV)
Half-life
Short -ICIS *Na 1368 15 hours
1642 37.3 minutes
1525 12.4 hours
"Mg 844 9.5 minutes
66Cu 1039 5.1 minutes
Long Runl % 777 35.7 hours
*Na 1368 15 hours
4 2 % 1525 12.4 hours
Run 2 ^Br 777 35.7 hours
59Fe 1099 45 days
65Zn 1115 245 days
*Na 1368 15 hours
86Rb 1077 18.8 days
4 2 % 1525 12.4 hours
Run 3 "Se 265 1 2 0  days
86Rb 1077 18.8 days
65Zn 1115 245 days
59Fe 1099 45 days
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6.5.2 Matrix composition of the frontal lobe.
The matrix compositions were measured by RBS analysis.-. . ,rl-
The percentage dry weight composition of ’normal’ and Alzheimer brain tissue is given 
in Table 6.8 (means ± one standard deviation).
Generally no differences were found between the major composition of normal and 
diseased tissue, however nitrogen concentrations were found to be slightly increased in 
Alzheimer patients at a low level of significance (p<0.1). Oxygen levels were also found 
to be higher in Alzheimer patients although not at a statistically significant level. These 
findings are interesting because nitric oxide (N20 ) has been proposed to cause cytotoxic 
effects in inflammatory diseases (of which there is growing evidence Alzheimer’s disease 
may be included, Section 6.2.2). The possibility that nitric oxide may play a role in the 
neuropathology of Alzheimer’s disease has been studied by Milstein [Mil94], however 
Milstein found no increase in nitric oxide levels in the CSF of Alzheimer patients.
Due to the difference in nitrogen concentrations between the two groups, different values 
were used for ’normal’ and Alzheimer tissues in calculations for the correction of proton 
penetration and X-ray attenuation in the sample matrix.
Table 6.8: Mean concentrations (% dry weight ± one standard deviation) of the major 
elements in ’normal’ and Alzheimer brain tissue.
Disease state (n) Carbon Nitrogen Oxygen Sodium
normals (18) 84.6 ± 2.7 5.0 + 2.0 9.3 ± 1.9 1.1 ± 0.7
Alzheimers (15) 82.9 ± 4.7 6 . 6  ± 3.0 9.8 ± 2.8 0 .9 +  0.6
If the sodium concentrations are converted to fresh weight concentrations they can be 
compared to the concentrations obtained for sodium by INAA. Fresh weight sodium 
concentrations determined by RBS analysis were not found to be significantly different 
between ’normal’ and Alzheimer cases (2000 ± 1300|Ltg/g and 1700 ± 1200pg/g 
respectively). The poor precision obtained is inherent of the fact that step edges were 
judged by eye and that the sodium and magnesium steps were very close together, the
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major channels for each step being just two channels apart, once the detector resolution 
is added the Na and Mg steps are very difficult to resolve.
6.5.3 Minor and trace elements in the frontal lobe.
The minor and trace elements detected by PIXE and INAA (with long and short 
irradiation times) are given in Table 6.8. The arithmetic mean (AM), geometrical mean 
(GM) and median (M) of the fresh weight concentrations have been given. Also stated 
are the minimum detectable limits (MDL) for the technique and the significance of the 
difference between normals and diseased states (p-value). The p-value is that calculated 
by two tailed t-tests. The minimum detection limits were calculated individually for each 
sample and the values given represent the means ± one standard deviation. It can be seen 
that results obtained using the different techniques are in agreement for all elements, given 
the associated errors.
Sodium, chlorine and bromine were found to be significantly increased in the brain tissue 
of Alzheimer patients compared to ’normals’ whilst potassium, rubidium and selenium 
were found to be significantly decreased in Alzheimer brain tissue. The role of these 
elements in the brain and possible reasons for differences in the Alzheimer brain will be 
discussed later.
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Table 6.9: Fresh weight concentration (in gg/g) minimum detection limits (MDL) 
arithmetic means (AM), geometric means (GM) and medians (M) for 15 minor and 
trace elements in ’normal’ and Alzheimer brain tissue.
Neutron activation analysis PIXE (n)
Long irrad. (n) Short irrad.(n) 
(ICIS)
Na MDL 14 ± 6 36 ± 11
Norm 1480 ± 280 (10) 1690 ± 360 (21)
Alz 1840 ± 410 (14) 2000 ± 290 (26)
p-value < 0.05 < 0.002
Norm 1450 x/+ 1.2 1660 x/4- 1 . 2
Alz 1790 x/4- 1.3 1980 x/+ 1.2
Norm 1560 1590
Alz 1800 1960
Mg MDL 210 ± 6
Norm 485 ± 110 (21)
Alz 471 ± 130 (26)
p-value NS
Norm 472 xA- 1.3
Alz 453 x/4- 1.3
Norm 476
Alz 460
MDL 13.9 ± 3.6
Norm 3070 ± 580 (26)
Alz 2840 ±  780 (26)
p-value NS
Norm 3010 x/4 - 1.2
Alz 2740 x/4- 1.3
Norn 3050
Alz 2830
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Table 6.9 (cont.): Fresh weight concentrations (M-g/g) in ’normal’ and Alzheimer
brain tissue.
PIXE (n)Neutron activation analysis.
Short irrad. (n) 
ICIS
Long irrad. (n)
7.9 ± 2.2MDL
1020 ± 200 (26)Norm
1000 ± 280 (26)Alz
NSp-value
1000 xA 1.2Norm
960 xA  1.3Alz
1020Norm
1000Alz
5.9 ± 1.642 ± 15MDL
1900 ± 460 (26)1710 ± 360 (21)Norm
2570 ± 690 (26)2190 ± 340 (26)Alz
<  0.001< 0.001p-value
1850 x/4- 1.31680 x/4- 1.2Norm
2480 x/4- 1.32160 x/4- 1.2Alz
18301650Norm
24902240Alz
3.1 ± 1.21150 + 270580 + 226MDL
2490 ±  680 (26)2630 ± 850 (20)3000 ± 640 (8)Norm
2160 ± 720 (26)2200 + 680 (24)2100 ± 560 (11)Alz
< 0.1< 0.1< 0.01p-value
2400 x/4- 1.32510 x/4- 1.32930 x/4- 1.3Norm
2090 x/4- 1.42110 x/4 - 1.32020 x/4- 1.3Alz
234024903210Norm
215021102130Alz
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Table 6.9 (cont.): Fresh weight concentrations (|U,g/g) in ’normal’ and Alzheimer
brain tissue.
Neutron activation analysis PIXE (n)
Long irrad. (n) Short irrad. (n) 
(ICIS)
Ca MDL 7.6 ± 2.5
Norm 54 ± 20 (26)
Alz 60 ± 15 (26)
p-value NS
Norm 51 xA  1.4
Alz 58 x/4- 1.3
Norm
Alz
MDL 2.1 ± 0.7 2.9 ± 0.7
Norm 5 0 + 1 1  (10) 66 ± 16 (26)
Alz 51 ± 11 (14) 63 + 16 (26)
p-value NS NS
Norm 49 x/4- 1.3 64 x/4- 1.3
Alz 50 x/4- 1.2 61 x/4- 1.3
Norm
Alz
Zn MDL 0.15 ± 0.05 2.6 ± 0.1
Norm 10.0 ± 1.7 (10) 10.5 ± 3.1 (22)
Alz 9.8 ± 1.8 (14) 10.0 ± 2.8 (20)
p-value NS NS
Norm 9.9 x/4- 1.2 10.1 x/± 1.3
Alz 9.6 x/4- 1.2 9.6 x/± 1.3
Norm 10.0 9.9
Alz 9.3 9.7
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Table 6.9 (cont.): Fresh weight concentrations (|ig/g) in ’normal’ and Alzheimer
brain tissue.
Neutron activation analysis PIXE (n)
Long irrad. (n) Short irrad. (n) 
(ICIS)
MDL(ng/g) 69 ± 2 2
Norm 0.95 ± 0.23 (10)
Alz 1.34 ± 0.30 (14)
p-value < 0.02
Norm 0.92 x/4-1.3
Alz 1.35 x/+ 1.3
Norm 0.85
Alz 1.35
Rb MDL(ng/g) 100 ± 40
Norm 2.46 ± 0.65 (10)
Alz 1.82 ± 0.58 (14)
p-value < 0.02
Norm 2.38 x/+ 1.3
Alz 1.72 x/4- 1.4
Norm 2.62
Alz 1.74
MDL(ng/g) 42 ± 10
Norm 0.20 ± 0.07 (9)
Alz 0.15 ± 0.15 (14)
p-value < 0.05
Norm 0.18 x/4- 1.4
Alz 0.15 x/4- 1.2
Norm 0.23
Alz 0.16
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Table 6.9 (cont.): Fresh weight concentrations (ng/g) in ’normal’ and Alzheimer
brain tissue.
Neutron activation analysis PIXE (n)
Long irrad. (n) Short irrad. (n) 
(ICIS)
Cd MDL - - 9 ± 3
ng/g A Norm - -
94 ± 30 (26)
M
Alz - - 84 ±  42 (26)
P-value - - NS
G Norm - - 89 xA  1.4
M
Alz - - 76 x/4- 1.6
M Norm - - 88
Alz - - 74
Cs MDL 2.2 ± 0.8 - -
ng/g A Norm 8 .9 ± 3 .0 (6 ) - -
M
Alz 8.6 ± 3.2 (5) - -
P-value NS - -
Sc MDL 0.012 ± 0.007 - -
ng/g
A Norm 0.73 + 0.35 (5) - -
M
Alz 0.53 + 0 .21(4) - -
P-value NS - -
NS - p > 0.1
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6.5.4 Distribution of minor and trace elements in the frontal lobe.
The distributions of elements detected in all or in most of the samples are shown in 
Figures 6.3-6.12 and the cumulative frequency plots in Figure 6.13. Distributions have 
been plotted for the values obtained by the technique for which the element was detected 
in the most samples. As stated in Chapter 5 an S-shaped curve for a cumulative 
frequency plot is representative of a Gaussian distribution of concentrations, indicating the 
homeostatic control typical of essential elements. The distributions for elements (with the 
exception of Cd) in ’normal’ cases were found to be Gaussian to a good approximation, 
however the distribution for Alzheimer cases has been found to deviate from the Gaussian. 
This can be particularly noted for the elements Na, Mg, K and Ca. This would indicate 
that the homeostatic control of these essential elements is disrupted in AD, perhaps due 
to alterations in the function of the blood brain barrier. In contrast, in the case of 
cadmium the ’normal’ brain concentrations display a log-normal distribution typical of 
environmental exposure to an element for which there is no homeostatic control, whilst 
the Alzheimer concentrations display a Gaussian distribution. The retention of cadmium 
in the body had been estimated to last between 16 and 33 years in humans and absorption 
has been found to continue regardless of the level of cadmium already present [Und77], 
these traits (a lack of control over excretion or absorption) are typical of an element not 
under homeostatic control. The reason why this should not also be the case for Alzheimer 
patients is not fully understood, although a possible link with the protein metallothionein 
is discussed in section 6.5.11.
Since some elements (namely Na, Mg, K, Ca and Cd) have been found to exhibit non­
normal distributions in Alzheimer patients (Figure 6.13), non-parametric statistical tests 
are more accurately applied than the t-test. Using the Wilcoxon signed rank test Cd 
concentrations were found to be significantly decreased in Alzheimer tissue (p<0.02) when 
compared to ’normal’ tissue, Na concentrations were found to be significantly increased 
(p<0.002), K concentrations were found to be significantly decreased (p<0.05) and at a 
low level of significance (pcO.l) Ca concentrations were found to be increased in 
Alzheimer patients. No significant difference was found between ’normal’ and Alzheimer 
Mg concentrations using either statistical test.
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6.5.5 Discussion of concentration variations in the Alzheimer brain.
Sodium, chlorine and bromine concentrations were found to be significantly increased in 
the Alzheimer brain whilst potassium, rubidium and selenium concentrations were found 
to be significantly decreased. Ehmann [Ehm86] commented on the fact that the alkali 
metal sodium with its small ionic radius is increased in concentration in Alzheimer 
patients whereas the larger ionic radius alkali metals such as potassium and rubidium are 
decreased in concentration and suggested that this may be due to alterations in membrane 
transport systems or the blood brain barrier. Ehmann also commented that due to the 
increased water content of Alzheimer brain tissue an increase in sodium and chlorine 
concentrations would be required to maintain the correct osmotic balance.
The finding of a decrease in selenium concentrations in Alzheimer brain tissue is of 
particular interest given the known role of selenium as an anti-oxidant in the protein GSH- 
Px. The susceptibility of the brain to free radical induced lipid peroxidation has already 
been commented upon (Section 6.6.2) and the positive finding of a decrease in selenium 
concentrations may suggest that anti-oxidant therapy in Alzheimer cases could be worth 
investigation. Selenium is also known to help protect against toxic damage caused by 
heavy elements such as mercury and cadmium [Kha90], however in this work, cadmium 
concentrations at least, were found to be decreased rather than increased in Alzheimer 
patients.
The increase in bromine concentrations is also interesting given the known involvement 
of bromine in the production of the neurotransmitter acetylcholine (ACh) [Ehm86] which 
is present in decreased levels in Alzheimer patients. Bromine is present in bromoacetyl 
CoA, bromoacetylcholine and 3-bromoacetonyltrimethylammonium which all act as 
inhibitors of choline acetyltransferase (CAT) which is the synthesising enzyme of ACh. 
Therefore an increase in bromine concentrations would be expected to lead to decrease 
in CAT and therefore a decrease in ACh.
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6.5.6 Aluminium concentrations.
Aluminium concentrations were determined by short neutron irradiation and detection of 
the 1779keV photopeak from the decay of 28A1 isotope (half-life = 139 seconds). 
Corrections were made for the contribution to 28A1 from the 31P(n,oc)28Al reaction (Section 
2.3.2b) using the sample specific phosphorus concentrations determined by PIXE analysis. 
The contribution from phosphorus was found to be typically 10%. No significant 
difference was seen between the corrected A1 concentrations for ’normal’ brain tissue and 
that affected by Alzheimer’s disease, displaying fresh weight concentrations of 
7.3±1.0|ig/g and 7.1±1.7p.g/g respectively. Therefore this work does not support the view 
that aluminium concenuations are elevated in Alzheimer’s disease, although it does not 
rule out the possibility of small concentration increases on a localised level.
6.5.7 Minor and trace element concentrations with disease duration.
The effect of the disease duration on the element concentrations was also studied. The 
samples covered disease durations of 2-20 years with a mean of 5.7 ± 4 .1  years. It was 
expected, that as with the water content, element concentrations would display increasing 
deviations from ’normal’ values with increasing disease duration. In fact, for elements 
for which the correlation between concentration and duration was to be significant the 
exact opposite was found to be the case and with increased disease durations 
concentrations became more ’normal’. The fresh weight concentrations of Cl, Na and Br 
which were increased in AD were found to significantly decrease with disease duration, 
with p-values of p<0.01, p<0.05 and p<0.02 respectively and the fresh weight 
concentration of K, which was reduced in Alzheimer patients was seen to increase with 
disease duration at a low significance (p<0.1). Using dry weight concentrations the 
correlations were seen to be reduced in significance, with dry weight potassium 
concentrations not being significantly correlated with disease duration, sodium 
concentrations negatively correlated with a significance of p<0.1, chlorine with p<0.05 and 
bromine with a significance of p<0.05.
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Figure 6.14: Element fresh weight concentration (jiig/g) dependence upon disease 
duration in the brain tissue of Alzheimer patients.
The reason for this trend with disease duration is unclear and has not been studied in the 
literature, probably due to the normal lack of accurate information of disease duration. 
It may be that the brain is able to compensate for initial element concentration alterations 
early in the disease. However, it may be the case that patients for which the elemental 
imbalances are greatest survive the shortest time and the impression that the 
concentrations are returning to ’normal’ with increased disease duration is a false one.
If this is the case the question has to be raised, could returning minor and trace element 
levels to ’normal’ concentrations (for example by supplementation) increase patient 
survival times ?
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6.5.8 Linear statistical models.
An additional method to using t-tests for calculating which element concentrations are the 
most affected in Alzheimer’s disease is to fit a linear model to the data so that the 
outcome (’normal’ or Alzheimer) can be related to the concentrations. In a generalised 
case:
(3j - the coefficient to be calculated indicating the significance of element j.
This simple model can be used when the outcome can hold any value, however in this 
binary case the outcome must lie between 0 (’normal’) and 1 (Alzheimer). The real
The resulting equations are solved to give the values of (3. A large value of (3 (+ve or 
-ve) therefore represents a larger role of the associated element. The computer package 
GLIM (generalised linear modelling) [Hea88] was used to calculate the coefficients. The 
disadvantage of this method of analysis is that missing values are difficult to deal with. 
The model was therefore constructed using 18 cases for which all elements were 
determined. The coefficients obtained are given in Table 6.10, a negative value represents 
a fall in the concentration of that element in Alzheimer’s disease whilst a positive one 
indicates an increase in concentration.
p (6.2)
where rj - the outcome X; - the concentration for element j
values ( - 0 0  to +°°) can be transformed to values between 0 and 1 using a link function 
g(7t). The logistic function was employed, although several link functions exist. The 
logistic function was chosen as it is the only function which is suitable for data which is 
chosen retrospectively rather than prospectively. In the logistic function:
(6.3)
where n  is the outcome. Then for each case (or individual), i:
p (6.4)nrS0t|)=5>A
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Table 6.10: p values determined for a logistic model of ’normal’ and Alzheimer brain
tissue concentrations.
Element P Element P Element P
Na 4.03 Cl 5.78 Zn -0.13
Mg -3.74 K -5.59 Se 0.85
P 0.25 Ca 2.97 Br 5.84
S 2.26 Fe 0.57 Rb -2 . 8 8
Cd -2.43 (3 value for dry to fresh weight ratio = -7.20
It can be seen that the highest coefficients were obtained for the elements Na, Cl, K and 
Br - the four elements for which variations were found with disease duration. It is 
sometimes appropriate to use linear modelling to calculate the role of covariants such as 
age, sex and smoking habits in a particular disease. However, in this case subjects were 
chosen to be to some extent age and sex matched and therefore this type of analysis was 
not undertaken.
6.5.9 Cluster analysis.
Hierarchial cluster analysis was conducted using the computer package Clustan as 
described in Chapter 5. The data was standardised and the Euclidian distances and 
similarity matrices calculated as described previously. In this case the point of interest 
was the difference between Alzheimer and ’normal’ cases rather than the difference 
between regions studied previously. Individual values for each sample were therefore 
used. Cluster analysis was performed using the concentrations of Na, Br, Cl and K and 
the dry to fresh weight conversion ratio since these have been shown by t-tests, the 
Wilcoxen rank test and linear modelling to be most affected in Alzheimer patients. Only 
these elements were included since the distance between clusters was judged by an 
average technique, so the inclusion of more elements with little or no difference between 
’normal’ and Alzheimer subjects would decrease the differentiation between the groups.
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The dendrogram obtained is shown in Figure 6.15. The data can be seen to fall into two 
main clusters with two outlying samples numbered 18 and 20 (both Alzheimer cases). 
The first cluster contains nine samples which are all affected by Alzheimer’s disease. 
The second cluster contains eleven samples of which eight are ’normal’ samples. 
However, the second cluster also contains three Alzheimer samples (nos 3, 6 and 10). 
The subjects from which these samples came all suffered from long disease durations (8 
years compared to generally 2 or 3 for the first cluster) and it has already been shown that 
tissue samples from long duration illness patients display concentrations which approach 
’normal’ values (Figure 6.14). Furthermore, it should be noted that samples 6 and 10 are 
from the two hemispheres of the same Alzheimer patient.
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The clusters obtained when bromine concentrations are plotted against potassium 
concentrations and sodium concentrations are plotted against chlorine concentrations can 
be seen visibly in Figure 6.16. In both cases the two overlapping clusters can be clearly 
seen. The Na-Cl plot also demonstrates the highly significant (pcO.OOl) correlation 
(t=0.955) between sodium and chlorine whereas no such correlation (t=-0.164, p>0.1) 
is seen between bromine and potassium.
6.5.10 Effect of age and sex on elemental concentrations.
The ’normal’ brain tissue obtained from the Royal Surrey County Hospital (RSCH) was 
found to display potassium and calcium concentrations which significantly increased with 
increasing subject age. Although the correlations for these elements were found to show 
positive correlations for ’normal’ samples obtained from the brain bank, the correlations 
were not found to be statistically significant. Magnesium (which was not detected in the 
RSCH samples since no INAA was conducted) was found to show a significant (p<0.05) 
increase in concentration with age in ’normals’ and at a low level of significance (p<0.1) 
zinc concentrations were found to decrease with age in ’normals’.
Potassium concentrations were found to be higher in females (2780±830|J.g/g fresh weight) 
than males (2280 ± 370pg/g fresh weight) at a low level of significance (p<0.1) in 
agreement with the findings in RSCH tissue samples. Again, no significant differences 
were found for the other elements between male and female cases.
6.5.11 Post-mortem intervals.
No significant correlations were found between fresh weight element concentrations and 
PM interval or between the dry to fresh weight ratio and PM interval, even though 
intervals ran up to 91 hours. Previous studies by Iyengar [Iye81] suggest that water 
content and element concentration changes would be seen with samples left for these 
intervals in ambient conditions, however for these samples permission for donation had 
been obtained in advance and so optimised procedures and storage conditions could be 
used.
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6.5.12 Correlations between element concentrations.
Some elements were found to be well correlated (with the same significance) in both 
’normals’ and Alzheimer cases, these were for Na-Cl (p<0.001), Na-Zn (p<0.01), P-S 
(p<0.001), P-K (pcO.OOl), P-Ca (p<0.02), P-Fe (p<0.001), S-K (p<0.001), S-Fe (p<0.001), 
Cl-Zn (p<0.001) and K-Cd (p<0.001). Other elements were not significantly correlated 
or only correlated at a low level of significance (p<0.1) in both ’normal’ or Alzheimer 
patients, namely, Na-Mg, Mg-Cl, Na-Se, Rb-Se, Rb-Zn, Zn-Se, Fe-Se, Rb-Cl, Se-Cl, Se-K, 
Rb-Mg, Se-Mg, Zn-Mg, Br-Se, Br-Mg, P-Cd, S-Zn, Cl-Cd, Br-Cl and Na-Rb.
However, the correlations between many element concentrations were found to be 
different in ’normal’ subjects to Alzheimer subjects. Correlations which were found to 
be more significant in ’normal’ patients than those suffering from AD are given in Table
6.11 and correlations which were found to be more significant in Alzheimer subjects than 
’normals’ are given in Table 6.12.
The minor elements Na, K, Cl, P, S and Ca were generally found to be well correlated 
in both ’normal’ and Alzheimer brain tissue with the exception of K-Cl and K-Na 
correlations in Alzheimer patients and the P-Cl correlation in ’normals’. Phosphorus has 
been described as the fifth most important element in biological systems [Ken92] after H, 
C, N and O. Phosphates provide energy in biological processes by their role in ATP 
(adenosine triphosphate) and Na and K form complexes with ATP, partially accounting 
for the correlation between these elements. Na and K ions also work together as the 
’sodium pump’ to control the flow of fluids across cell membranes. In addition 
cerebrospinal fluid, in which the brain is liberally bathed, is composed of Na, Cl, K and 
Ca. The highly significant correlation between iron and sulphur concentrations observed 
in ’normal’ and Alzheimer cases is also to be expected since there is a whole group of 
iron-sulphur proteins which have functions in electron transport systems.
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Table 6.11: Correlations between fresh weight element concentrations found to be 
more significant in ’normal’ brain tissue than Alzheimer tissue.
Element ’Normal’ subjects Alzheimer subjects
Corr. coeff. p-value Corr. coeff. p-value
K-Na 0.5448 <0 . 0 1 0.0853 NS
K-Mg 0.5637 <0 . 0 1 0.1029 NS
K-Cl 0.4318 <0.05 0.1125 NS
Na-Fe 0.9367 <0 . 0 0 1 0.6383 <0 . 0 2
Br-Fe 0.7241 <0 . 0 2 0.5113 <0 . 1
Br-Na 0.8210 <0 . 0 1 0.4078 NS
S-Ca 0.6043 <0 . 0 0 1 0.5928 <0 . 0 1
S-Cd 0.6129 <0 . 0 0 1 0.4393 <0 . 1
Cl-Ca 0.6716 <0 . 0 0 1 0.5136 <0 . 0 1
K-Ca 0.6433 <0 . 0 0 1 0.5948 <0 . 0 1
Ca-Cd 0.4653 <0 . 0 2 0.3816 <0 . 1
Fe-Cd 0.3927 <0.05 0.3390 <0 . 1
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Table 6.12: Correlations between fresh weight concentrations found to be more
significant in Alzheimer brain tissue than ’normal’ tissue.
Element ’Normal’ subjects Alzheimer subjects
Corr. coeff. p-value Corr. coeff. p-value
Rb-Fe 0.1420 NS 0.5405 <0.05
Zn-Fe 0.7591 <0 . 0 2 0.8056 <0 . 0 0 1
Rb-K -0.2899 NS 0.7351 <0 . 0 1
Fe-Mg -0 . 0 2 2 0 NS 0.6957 <0 . 0 2
Rb-Br 0.3218 NS 0.7676 <0 . 0 1
P-Cl 0.4390 <0 . 1 0.6561 <0 . 0 0 1
P-Zn 0.2127 NS 0.6871 <0 . 0 0 1
Zn-Cd -0.3044 NS 0.6017 <0 . 0 1
Br-K -0.2275 NS 0.6735 <0 . 0 1
Ca-Zn 0.2734 NS 0.5326 <0 . 0 2
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The correlation between Rb and K was found not to be significant for ’normal’ cases but 
was significant for Alzheimer cases. Potassium and rubidium are very similar ionic 
metals and to a certain extent Rb can replace K in biological systems [Und77], therefore 
a negative correlation between the elements may be expected. Although the correlation 
was negative for ’normal’ concentrations it was not significantly so, and the correlation 
in Alzheimer patients was found to be significantly positive. Due to the similarity 
between potassium and rubidium both elements may be expected to be affected similarly 
in Alzheimer affected tissue and indeed both elements were found to be reduced in 
concentration.
Cd and Zn are known to compete for transport across the intestine wall and so would be 
expected to show a negative correlation between concentrations [Und77]. Although the 
correlation was found to be negative in ’normal’ patients it was not at a statistically 
significant level. The correlation between Zn and Cd in Alzheimer patients, however, was 
found to be significantly positive. Both zinc and cadmium are bound to the sulphur 
containing protein metallothionein (MT). Sulphur and cadmium concentrations were 
found to be highly significantly correlated in ’normals’ but only weakly correlated in 
Alzheimer cases. This may be an indication of a reduction in MT levels in Alzheimer 
patients. A metallothionein-like protein has been found to be deficient in Alzheimer brain 
tissue [Uch91]. Sulphur and zinc concentrations were not found to be significantly 
correlated in either ’normal’ or Alzheimer patients, however, zinc binds to a great number 
of proteins and the MT association will be only a small component. It has already been 
shown that zinc deficiency in rats reduces MT levels but total zinc levels do not change 
significantly [Und77]. The binding of cadmium in place of zinc in MT is believed to act 
to detoxify the effects of cadmium [Und77], therefore a reduction in Cd associated MT 
levels may expose the brain to toxic cadmium levels without the total cadmium levels 
being increased. In addition MT is able to prevent the formation of free-radicals [Eba95] 
and so a decline in MT may result in increased oxidative stress.
It is interesting to note that no significant correlations were seen between the selenium 
concentrations and the concentrations of the other elements in either ’normal’ or 
Alzheimer brain tissue.
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6.6 Elemental composition of the temporal lobe of ’normal’ anti Alzheimer patients.
The temporal cortex is one of the first regions to become affected by Alzheimer’s disease 
and as such may be expected to show the largest concentration variations between 
’normal’ and Alzheimer subjects.
6.6.1 Experimental conditions.
Six ’normal’ samples and six samples from subjects affected by Alzheimer’s disease were 
analysed by INAA. The double contained samples were irradiated for 5 days in position 
6 of core tube 3 of the Imperial College Reactor as described previously. Irradiated 
samples were transported to the university and on arrival transferred into fresh containers. 
Gamma-ray emission spectra were counted after waiting times of 5 days, 7 days and 18 
days for 20 minutes, 30 minutes and 90 minutes respectively.
Zirconium wires were placed in the irradiation capsules as flux monitors. The 909keV 
peak from the 90Zr (n,2n) 89Zr reaction can be used as a fast neutron flux monitor whilst 
the 724keV peak from the 94Zr(n,y) 95Zr reaction can be used as a thermal neutron flux 
monitor. The activity of the 89Zr isotope is small compared to that of the 94Zr isotope due 
to the much smaller reaction cross-section. Therefore to obtain fast neutron flux data 
fairly long irradiation times are required. The wires were counted 24 hours after the end 
of a 5 day irradiation. Fast and thermal neutron fluxes were calculated using equations 
2.32 and 2.40 from Chapter 2. The neutron cross-sections used, atomic weights, fractional 
isotopic abundances, branching ratios and half-lives used are given in Table 6.13.
In Chapter 4 the thermal neutron flux was calculated for irradiation tube 4, the long 
irradiations for the work presented in this chapter (for both the temporal and frontal lobes) 
were conducted in position 6 of core tube 3. The thermal neutron flux for this position 
in core tube 3 was calculated to be 1.03xl()12ncm"2s"1 and the fast neutron flux to be 
3.8xl011ncm"2s"1. Values quoted by Burnholt [Bur77] for the central position of core tube 
3 of the Imperial College Reactor are 1.2xlCf2n c m V  for the thermal neutron flux and 
2.9xl011ncm"2s"1 for the fast neutron flux. No zirconium wires were included in the ICIS 
irradiations since no flux corrections were necessary, the thermal and fast neutron fluxes 
for this irradiation position, using iron flux monitors, have been previously quoted as
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2.02 xlO^cm'V and 1.03 xlO^cmfV1 respectively [Oth79].
Table 6.13: Data required for the calculation of fast and thermal neutron flux.
Fast neutron flux indicator Thermal neutron flux indicator
Reaction 90Zr (n,2n) 89Zr 94Zr (n,y) 95Zr
Gamma line used 909keV 724keV
Cross-section (a) 0.087mb 0 .1 b
Atomic weight 89.9 93.9
fractional isotopic abundance 0.51 0.174
branching ratio 0.99 0.49
half-life 78 hours 65 days
6.6.2 Minor and trace elements in the temporal lobe.
The minor and trace elements detected in ’normal’ and Alzheimer tissues are given in 
Table 6.14 along with the statistical significance of the difference between the two values.
Table 6.14: Minor and trace element fresh weight concentrations (qg/g) in the temporal 
lobe of ’normal’ and Alzheimer subjects by INAA.
Element ’normals’ (n=6 ) Alzheimers (n=6 ) p-value
Na 1460 ± 70 2070 ± 350 p<0 . 0 0 2
K 2510 ± 2 1 0 2150 ± 330 p<0.05
Fe 51.8 ± 6 .7 51.8 ± 9 .4 NS
Zn 10.5 ± 1.0 1 2 . 6  ± 1 . 2 p<0.05
Se (ng/g) 150 ± 4 5 152 ± 51 NS
Br 1.02 ± 0.14 1.64 ± 0.34 p<0 . 0 1
Rb 2.79 ± 0.52 2.27 ± 0.36 p<0 . 1
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The possible meaning of alterations in these trace element concentrations has been 
discussed for all elements except zinc, for which no significant difference in concentration 
was found between ’normals’ and Alzheimers cases in the frontal lobe samples. An 
increase in zinc concentrations may be due to an increase in the antioxidant CuZn-SOD 
as a protective mechanism against excess free radical production. CuZn-SOD levels have 
been found to be increased in the skin of Alzheimer patients [Ura95].
6.6.3 Comparison of temporal lobe results to frontal lobe results.
Fresh weight concentrations of Br, Na, Rb, Fe and Zn were found not to be significantly 
different in the temporal lobe to the frontal lobe for ’normal’ subjects, however the K 
concentrations were found to be lower in the temporal lobe than the frontal lobe (p<0.02). 
At first this appears surprising since no significant difference was found between the 
concentrations in frontal and temporal lobes for K (or any other element) for the RSCH 
samples. On closer examination it seems that the difference is explained by the sample 
groups rather than the regions. For the RSCH samples the frontal and temporal lobes 
were studied from the same brains so the ratio of males to females was the same for both 
regions. However for the brain bank samples the temporal lobe samples were 17% 
females and 83% males compared to 62% females and 38% males in the frontal lobe and 
potassium concentrations have been shown to be lower in male subjects than females. 
The mean age of the temporal lobe samples was also found to be significantly lower 
(p<0.02) at 70.0 ± 4.8 years than for the frontal lobe samples at 81.8 ± 9.4 years and 
potassium concentrations have been shown to increase with age. Both of these factors 
contribute to the probably false finding of a lower concentration in the temporal lobe than 
the frontal lobe in these ’normal’ subjects.
All significant differences between ’normal’ and Alzheimer tissue concentrations were 
found to be in the same direction for both frontal and temporal lobe samples. The 
differences were of similar significance for sodium and potassium. The difference 
between ’normals’ and Alzheimer bromine concentrations were found to be larger in the 
temporal lobe than the frontal lobe and a significant difference was seen in the temporal 
lobe for zinc concentrations which was not found in the frontal lobe. Larger concentration 
differences in the temporal lobe than the frontal lobe may be expected since the temporal
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lobe is one of the first regions to be affected. However, rubidium concentration 
differences were found to be smaller in the temporal lobe than the frontal lobe.
Insufficient samples were analysed from the temporal lobe to make any conclusions about 
correlations between element concentrations and subjects age or about differences between 
males and females.
6.7 Minor element concentrations in the parietal lobe of ’normal’ and Alzheimer 
brain tissue.
17 normal brain samples and 16 Alzheimer samples were irradiated in the Imperial 
College Reactor for 2 minutes, left to decay for 1 minute and counted for 5 minutes. 
Normal samples consisted of 11 males and 6 females of mean age 74 ± 12.8 years and 
Alzheimer samples of 6 males and 10 females of mean age 80 ± 8.1 years. The system 
used was not the ICIS system but a highly automated system, CAS, designed for cyclic 
activation, in which samples are cycled between the reactor and detector and the sum of 
detector responses is measured, resulting in high sensitivity for the detection of short lived 
isotopes. Cyclic activation analysis was reviewed by Spyrou in 1981 [Spy81]. However, 
in this case the cyclic system was not used and ’one shot’ irradiations were conducted. 
To minimise operator intervention the samples are counted in the original containers rather 
than being transferred to fresh containers. This procedure has the disadvantage that any 
impurities in the containers, as well as contaminating elements picked up by the sample 
containers in travelling in the irradiation tube, give a contributing signal to the sample 
spectrum. The elements detected in the samples were aluminium, magnesium, sodium, 
potassium, and chlorine, however a ’blank’ sample container gave similar numbers of 
counts for aluminium and magnesium to the samples and containers. The transfer system 
for CAS is know to contain lengths of aluminium tubing. Therefore only sodium, chlorine 
and potassium concentrations could be determined for the samples (Table 6.15).
The chlorine concentrations for ’normal’ tissue were found to be significantly lower than 
in the frontal lobe (p<0.05) whereas sodium and potassium concentrations were very 
similar between the two lobes.
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Table 6.15: Fresh weight sodium and chlorine concentrations (|ig/g) in the parietal
lobe of ’normal’ and Alzheimer brain tissue.
Element ’Normals’ (n=17) Alzheimers (n=18) p-values
Na 1560 ± 340 2050 ± 620 p<0 . 0 1
Cl 1460 ± 320 2240 ± 580 pcO.OOl
K 3000 ± 1 1 0 0 2100 ± 690 p<0.05
The sodium and chlorine concentrations were found (as with the frontal lobe samples) to 
be negatively correlated with disease duration (having p-values of <0.01 and <0.05 
respectively), Alzheimer samples of longer durations displaying concentrations most 
similar to ’normal’ values (Figure 6.17). Potassium was only detected in about half of 
the samples, and no significant correlation was seen between concentration and disease 
duration.
2400
2200
is 2000
Na
1800
1600
1400
1200 n=6 n=1 n=5 n=1
1-3 4-6 7-9  20
D is e a s e  d u ra tio n  (y e a r s )
2 800
2 6 0 0
2 4 0 0
2200
2000
1800
1600
o  1400
1200
Cl
n=6 n=1 n=5 n=1
1 -3 4-6  7-9  2 0
D is e a s e  d u ra tio n  (y e a r s )
Figure 6.17: Sodium and chlorine concentrations in the parietal lobe of Alzheimer 
brain tissue with increasing disease duration.
As with the frontal lobe, the sodium and chlorine concentrations were highly significantly 
correlated (p<0.001) for both ’normal’ and Alzheimer cases. No significant correlations 
were seen between the concentrations of Na or Cl and the ’normal’ subject age and no 
differences in concentrations were seen between males and females.
204
6.8 Minor and trace element concentrations in the occipital lobe of ’normal’ and 
Alzheimer patients.
The occipital lobe is the cortical region which suffers least histopathological damage (in 
terms of the number of plaques and tangles) and also the least atrophy in Alzheimers 
disease and as such may be expected to show the smallest concentration differences 
between ’normal’ and Alzheimer cases. Sodium, bromine and copper concentrations were 
determined in the occipital lobe of eleven ’normal’ patients and twelve Alzheimer patients 
(Table 6.16) by short lived neutron activation analysis using ICIS. The ’normal’ cases 
consisted of 7 females and 4 males of mean age 78 ± 9.5 years and the Alzheimer cases 
of 7 females and 5 males of mean age 80 ± 8.7 years. Samples were irradiated by ICIS, 
the irradiated containers changed for fresh ones and the active samples counted. 
Irradiation times were of 2 minutes, waiting times of 2 minutes and counting times of 2 
minutes. The shorter counting time allowed the detection of copper concentrations using 
the 66Cu isotope (half-life = 306 seconds) which was not detected previously, however this 
was at the expense of the detection of 27Mg, 38C1 and 42K, the half lives of which are 
given in Table 6.7.
Table 6.16: Fresh weight concentrations (pg/g) in the occipital lobe of ’normal’ and
Alzheimer patients.
Element ’Normals’ (n=12) Alzheimers (n = ll) p-value
Na 1620 ± 190 1930 ± 100 pcO.OOl
Cu 6 . 8  ± 1 .5 7.5 ± 3.2 NS
Br 1.5 ± 0 .6 1.2 ± 0.4 NS
The occipital lobe is the part of the cortex least anatomically affected in Alzheimer’s 
disease, it is therefore interesting to see that bromine concentrations which were found to 
be significantly different between ’ normals ’ and Alzheimers for the frontal and temporal 
lobes were not significantly different in the occipital lobe. The sodium and bromine 
concentrations for ’normals’ were not found to be significantly different from the 
concentrations in the other cortical lobes.
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No significant differences were seen between concentrations in males and females and no 
correlation of element concentration with subject age was observed.
6.9 Conclusions.
Fresh weight concentrations have been determined for 16 elements in ’normal’ and 
Alzheimer brain tissue. All minor and trace element concentrations are expressed as fresh 
weights since this is more representative of the element state within the living tissue. As 
with the previous study on the elemental composition of ’normal’ human brain tissue very 
little difference was found between the element concentrations of the various cortical 
lobes in controls. However, differences were seen in the concentrations for Alzheimer 
subjects for different regions. Bromine concentrations in particular were found to reflect 
the degree of histopathological damage, with the temporal lobe showing the largest 
difference between ’normal’ and Alzheimer concentration (61% increase), the frontal lobe 
a smaller increase in concentration (41% increase) and the occipital lobe the lowest 
concentration being not significantly different from the normal value. Dry weight 
concentrations were also found to follow the same distribution but the difference between 
’normal’ and Alzheimer tissue was less marked. The water content followed a similar 
distribution with the temporal lobe having a 8.5% decrease in dry to fresh weight 
conversion ratio, the frontal lobe a 4.6% decrease and again the occipital lobe displaying 
no significant difference between ’normal’ and Alzheimer cases. It can clearly be seen 
that although ’normal’ subjects may show a fairly uniform distribution across the cerebral 
cortex the concentration obtained for Alzheimer subjects will depend upon the region 
chosen for analysis. It is not therefore surprising that literature values for element 
concentrations of ’the cortex’ in Alzheimer patients are not in agreement.
Aluminium concentrations were not found to be significantly higher in the brain tissue of 
Alzheimer patients, compared to ’normals’ for homogenised samples, however, the 
possibility of small localised increases in aluminium concentrations cannot be ruled out.
The disease duration was also found to be an important parameter when considering 
element concentrations of Na, Cl, Br and K. Unexpectedly, the fresh weight 
concentrations were found to differ less from the ’normal’ in patients with long durations
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of Alzheimer’s disease than in those of just a few years duration. It is not known if 
element imbalances return to normal values with increased disease duration or if survival 
times are shortest for patients with the largest element concentration upsets. The change 
of element concentrations with disease duration is not a point which has been made in the 
literature and therefore publications do not quote the duration of illness in the patients 
studied.
Correlations between element concentrations suggest that levels of metaothionein may be 
decreased in Alzheimer patients. This may have implications on the way in which Cd is 
bound in the brain, perhaps explaining the different distributions of concentrations 
obtained for ’normal’ and Alzheimer samples. In addition MT is believed to prevent the 
formation of free radicals and therefore a decrease in MT levels may lead to increased 
lipid peroxidation.
Selenium concentrations were found to be decreased in Alzheimer patients in the frontal 
lobe but not in the temporal lobe. Excess free radical damage has already been implicated 
in Alzheimer’s disease (6.2.2) and this view is reinforced by the finding of a reduction 
in selenium which is a known antioxidant and by the possible finding of reduced MT 
levels which may increase free-radical numbers. No formal trials, as yet, have been 
conducted on the treatment of Alzheimer patients with antioxidants. In the next chapter 
a clinical trial of the effectiveness of antioxidants in ulcerative colitis is presented, a 
similar trial on Alzheimer patients may give further information on the role of free 
radicals and antioxidants in Alzheimers disease and if supplements could be used as 
therapy.
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7. A trial of the use of antioxidant therapy in 
ulcerative colitis.
7.1 Introduction.
In the previous chapter several possible roles for free-radicals in AD were highlighted. 
To date no formal clinical trials of antioxidant therapy have been conducted on Alzheimer 
patients. In this chapter, a trial is described in which patients suffering from ulcerative 
colitis (UC) are supplemented with antioxidants, and in particular with selenium. The 
purpose of the study is to see if selenium can be absorbed into the blood plasma of UC 
patients and to see if there is any associated improvement in patient health. Studies such 
as this one could pave the way for a trial in Alzheimer patients.
7.2 Selenium
Selenium was confirmed as an essential element in humans in 1973 when it was 
discovered that glutathione peroxidase (GSH-Px) contained selenium [Rot73]. It is now 
known that GSH-Px is the main selenoprotein. GSH-Px acts as a catalyst in the reduction 
of hydrogen peroxide to water, an important reaction since hydrogen peroxide reacts with 
oxygen to yield detrimental free radicals. With regards to exposure to this element, 
selenium compounds are generally water soluble and so can normally easily be absorbed 
by the gastrointestinal (GI) tract. The primary source of selenium in the food chain is 
soil. The selenium content of soil is regionally dependant and many areas may be 
selenium deficient [Cou83].
Human selenium levels have been investigated in relation to a number of illnesses. Low 
selenium levels from infant milk formulae (compared to breast milk) have been associated 
with sudden infant death syndrome [Mcg91]. Low selenium status has also been found 
in cases of congestive heart failure [Bou92], Grave’s disease (hyperthyroidism) [Reg92], 
increased cancer risk [Kne90], rheumatoid arthritis [Jen89], Crohn’s disease [Ran92] and 
cardiomyopathy in AIDS patients [Man91].
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7.3 Ulcerative Colitis.
UC is a type of inflammatory bowel disease (IBD) in which there is recurrent 
inflammation of the mucous membranes of the colon. UC can occur at any age and has 
been reported as having a higher incidence in females than males [Goo78]. Inflammation 
is accompanied by the production of oxygen free radicals (O -, 0 2"\ OH ) and non­
radical derivatives (H20 2, HOC1 and chloramines) [Sim92b]; together these can be termed 
as reactive oxygen species (ROS). ROS damage proteins, DNA, carbohydrates and lipids. 
In particular lipid peroxidation damages cell membranes. ROS are produced in normal 
cellular metabolism and can be protected against by antioxidants such as glutathione 
peroxidase (GSH) (including the selenoprotein GSH-Px), catalase, ascorbate (vitamin C), 
(3-carotene (a precursor of vitamin A) and a-tocopherol (the main component of vitamin 
E). However, it is believed that during inflammation in UC the natural anti-oxidant 
defence system may be overwhelmed leading to further mucosal damage [Aru91]. 
Antioxidant supplements have been shown to be of use in other IBD, for example, CuZn- 
SOD has been used for Crohn’s disease (inflammation of the small intestine) [Kur92].
UC is often described as either mild, moderate or severe. UC is not considered to remit 
completely from a medical point of view since recurrent attacks often occur. Patients who 
have had an attack but no longer show symptoms are referred to as quiescent.
7.4 Trial protocol.
The trial was conducted in collaboration with the Gastrointestinal (GI) Science Unit, The 
London Hospital Medical College and in particular with Dr. Millar and Dr. Rampton. The 
GI unit drew up the criteria for patient inclusion in the trial, took the blood samples and 
monitored patient health. Patient health was determined by diary cards containing 
information on general health and lower gastrointestinal symptoms and on a 
sigmoidoscopic score based on the health of the sigmoid colon. The classification of 
sigmoidoscopic score was [Bar64]:
Grade 0 - normal
Grade 1 - mucosal oedema or loss of vascular pattern
Grade 2 - contact bleeding
Grade 3 - spontaneous bleeding.
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Blood samples were taken to measure the plasma trace element concentrations and oxidant 
status. Oxidant levels were measured using an old, frequently used and simple method 
called the TEARS (thiobarbituric acid reactive substances) test. This test measures the 
products formed by the peroxidation of the fatty acids and membranes [Hal89] and so can 
be used as an indication of the number of free radicals. Blood samples for trace element 
analysis were taken using a short needle and l-2ml allowed to flow before collection 
commenced to limit contamination from elements such as Fe, Cu, Zn, Cr, Ni, Mn and Co 
from the stainless steel needle [Spe76]. The blood was then centrifuged to separate it and 
the blood plasma component frozen to -70°C. Blood plasma can be used as a short term 
indicator of elemental exposure, whereas erythrocytes give a better indication of long term 
exposure. Frozen blood samples were collected in person and transported, packed in dry 
ice to the university. On arrival samples were freeze-dried, homogenised and pelletized 
in the same way as described for the brain tissue samples. Samples to be analysed by 
PIXE and RBS analyses were placed on aluminium target plates and those for INAA in 
clean polyethylene containers ready for irradiation.
The inclusion criteria for the trial were:
1) Patients with moderate (< six stool per day and systemically well) relapses of UC.
2) Patients aged 18-75.
3) Relapse confirmed on clinical and sigmoidoscopic criteria.
4) Patients willing to take part in the study after receiving verbal and written information 
on the trial.
5) Informed, written and witnessed consent obtained.
Exclusion criteria for the trial were:
1) Patients <18 or >75 years of age.
2) Patients with severe disease (>six bloody stools per day, fever or systemically unwell) 
and patients with pancolitis.
3) Females who are pregnant or breast feeding.
4) Patients who are likely to be unable to cooperate with the study for health or 
psychosocial reasons, such as difficulties with language or mental dysfunction.
5) Patients already taking high dose vitamin/mineral supplementation.
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6) Patients who have received steroid therapy, either orally or rectally, in the month prior 
to the start of the study.
7) Patients who have serious concurrent disease such as renal, hepatic and heart failure 
of malignancy.
The trial was conducted on nine active UC patients, five females and four males of mean 
age 45 ± 13 years. Patients were treated with 600p.g of selenium per day in the form of 
two selenium-p tablets. 600|ig of selenium is a large daily dose well over the 
recommended dietary level of 50-200p.g [Mcg91]. The average dietary consumption of 
selenium has been quoted as 150|ig/g per day [Sny92] and the RDA (recommended 
dietary allowance) as 50{-tg per day for females and 70qg per day for males [NRC89]. 
Toxic effects are observed at concentrations of about Img day [NRC89] and in the most 
severe cases selenium toxicity has been shown to cause atrophy of the heart, cirrhosis of 
the liver, anaemia, blindness, paralysis and respiration failure [Und77]. However it has 
been suggested that daily levels of over 200|ig would be required to gain beneficial effects 
against cancer and cardiovascular disease from selenium [Tol90]. The selenium tablets 
also contained the anti-oxidants p-carotene, ascorbic acid, and a-tocopherol. Selenium has 
been shown to be reduced to the elemental form, which is less easily absorbed, when in 
the presence of ascorbic acid [Lev86].
The trial was initially for two weeks, however if a clinical benefit was observed after two 
weeks supplementation was continued for a time up to four weeks with patient health and 
selenium status measured up to a duration of six weeks. If at two weeks no benefit was 
seen, or if at any time a deterioration was observed in the patient condition the patient 
was withdrawn from the trial and treated with standard therapy (usually administration of 
steroids). Patients were also withdrawn if remission occurred, characterised by < 3 
liquid/soft stools per day, < 1 bloody stool within the last week and a sigmoidoscopic 
score <1.
Blood samples were taken from the patients at the beginning of the trial, at 1 week of 
supplementation, at 2 weeks of supplementation and then every further two weeks. Blood 
samples were also taken from three quiescent UC patients and one normal patient all
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receiving no selenium supplementation.
7.5 Experimental conditions.
For PIXE and RBS analyses the 2MeV proton beam was collimated to 1mm and the 8nA 
beam scanned over the pellet surface. Since the minor elements (P, S, Cl, K) were not 
of interest for this work a 350|Lim filter without a pinhole was used. This had the effect 
of reducing the Si(Li) dead time and improving detection limits for the trace elements 
(Chapter 2).
For IN A A the plasma samples were placed in the Imperial College Consort-II Reactor for 
71 hours and the gamma spectra collected after waiting times of one week and three 
weeks for counting times of 30 minutes and 90 minutes respectively. The long irradiation 
times were required for the detection of selenium using the 75Se isotope (half life = 120 
days). Selenium can also be detected by means of the short lived 77Sem, employing cyclic 
activation analysis. This technique, in conjunction with a nuclear reactor, was developed 
by Spyrou [Spy79]. It relies upon the sample being repeatedly activated and counted so 
that the activity of the newly created radionuclides adds to the remaining activity from 
previous irradiations.
7.6 Patient health.
The number of liquid/soft stools and the number of bloody stools were found to 
significantly decrease with selenium supplementation (Table 7.1).
Table 7.1: Mean number of stools per day ± 1 stand, dev.
Week of trial Week 0 Week 2 Week 4
No. of liquid/soft stools per day 5.9 ± 1.7 2.3 ± 0.8 * 1.5 ± 0.7 **
No. of bloody stools per day 6.1 ± 1.9 1.4 ± 1.4 * 1.5 ± 0.9 *
* p<0.03 compared to week 0 , ** p<0.02 compared to week 0 by Wilcoxen rank test.
The sigmoidoscopic score was also found to significantly improve by week four of the
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trial (pcO.Ol) and after a time of eight weeks four of the nine patients were judged to be 
in remission (Table 7.2) the other five patients were withdrawn due to no improvement 
in their conditions. Despite the high selenium doses administered no detrimental effects 
were observed in any of the patients and no patients had to be withdrawn due to a 
deterioration in condition.
Table 7.2: Number of patients in remission when withdrawn from the trial.
Week of trial. No. of patients 
withdrawn from trial.
No. of patients in 
remission.
2 2 1
4 4 2
6 1 0
8 2 1
There was also found to be a significant decrease in plasma TEARS between week 0 and 
week 4 of the trial (p<0.05) indicating a reduction in free radicals.
7.7 Dry to fresh weight w ater ratios and m atrix compositions.
The dry to fresh weight water ratio and the matrix composition were not found to be 
significantly different after different periods of supplementation, nor between quiescent 
and active patients. The mean dry to fresh weight ratio for all samples was found to be 
0.087 ± 0.014 and the mean dry matrix composition, 60.4 ± 2.4 % C, 13.9 ± 2.3 % N and 
18.4 ± 2.0 % O. Since the total body plasma is approximately 3000g [Sny92] a dry to 
fresh weight ratio of 0.087 corresponds to ~ 2740g of water of which ~310g will be H 
and ~2430g O. Therefore in the 3000g of plasma in the body there is 160g C (5.3% 
fresh weight), 36g N (1.2%), 2480g O (18.4%) and 310g H (10.3%) assuming that all the 
hydrogen is associated with the water. This compares with ICRP 23 [Sny92] values of 
130g C, 34g N, 2700g O and 340g H.
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7.8 Selenium concentrations.
Mean selenium concentrations in the blood plasma of active UC patients were found to 
increase significantly (p<0.05) from the beginning of the trial (week 0) to week 1 and then 
remain stable (Table 7.3). At a low level of significance (p<0.1) concentrations were 
found to be lower in active UC patients before the start of supplementation then in 
quiescent. However no significant difference was seen between the selenium 
concentrations in supplemented active UC patients and non-supplemented quiescent 
patients between weeks 2 and 6 of the trial. Selenium concentrations were low in both 
supplemented active UC patients and non-supplemented quiescent patients compared with 
the single value obtained for a normal subject under identical conditions of blood 
sampling and analysis. Literature values quoted by Iyengar [Iye78] also suggest that these 
UC patients are selenium deficient.
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Figure 7.1: Blood selenium concentrations (ng/ml) with duration of supplementation.
Patients with more severe forms of UC were found to have lower initial Se status than 
patients with mild forms of the disease, although with supplementation the low blood 
plasma selenium levels were rapidly increased. For example in Figure 7.1 Patient 1 
suffered from mild UC and remission was seen in 4 weeks, with selenium levels 
remaining fairly constant during treatment. Patient 2 had more severe UC in which no 
remission was seen even after 8 weeks (4 weeks of Se treatment), selenium levels were
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found to initially be much lower than for Patient 1 but to increase significantly with 
supplementation.
Table 7.3: Mean selenium fresh weight concentrations (ng/ml) ± one standard
deviation in blood plasma.
Patient
type
Active UC patients Quiescent
patients
Normal
patient
Se
status
Before
Se
<— Se supplementation —> Se
withdrawn
No Se No Se
Week Week 0 Week 1 Week 2 Week 4 Week 6 - -
of trial (n=7) (n=4) (n=7) (n=4) (n=2 ) (n=3) (n=l)
Mean
cone.
69 ± 31 103 ± 26 109 ± 22 105 ± 15 97 ± 5 9 6 +  18 1 2 0  ± 1 2
The biological half life of dietary selenium (mainly selenomethionine) is approximately 
150 days. However, plasma selenium concentrations are not a good indication of total 
body burden, with ingested selenium passing rapidly through the stomach, small intestine, 
blood and into the organs (mainly the liver) [Ada78]. This was demonstrated in the 
compartmental model by Mead [Mea95] which estimated the total body burden of 
selenium to be about 92% of the original dose 10 days after supplementation but the 
plasma burden to be about 2% of the original dose. The implication of this is that an 
improvement in patient condition may continue after supplementation is ceased since the 
body burden of selenium will still be high, this may be the reasoning behind the remission 
of a patient after 8 weeks (Table 7.2) when supplements were withdrawn at 4 weeks.
7.9 Other trace element concentrations.
Zinc and bromine concentrations in the plasma of seven of the active UC patients were 
determined by both PIXE and IN A A, whereas copper and iron concentrations were 
determined by PIXE analysis alone. Fresh weight concentrations (p.g/ml) for the elements 
Fe, Cu, Zn and Br at 0, 1 , 2 , 4  and 6 weeks of the trial are given in Table 7.4.
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Figure 7.2: Mean selenium and iron fresh weight concentrations at various durations of
supplementation.
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Iron concentrations in the plasma of UC patients were found to be significantly higher 
than in quiescent patients for week 0 (p<0.05) and week 1 (p<0.02). With 
supplementation (of 2-4 weeks) the plasma iron levels of UC patients decreased to not 
being significantly different from quiescent. However, when the supplements were 
withdrawn at 4 weeks the iron concentrations increased again, becoming significantly 
higher than quiescent at 6 weeks (p<0.05).
UC patients often suffer from iron deficiency anaemia as a result of colonic bleeding. 
Oral iron replacement therapy given to sufferers often worsens the patient’s symptoms 
[Ric87]. In the UC patients studied here plasma iron levels were found to be increased 
rather than depleted. It is known that anaemia in UC patients is typically hypochromic 
(associated with a reduction in the amount of haemoglobin in red blood cells) and 
microcytic (associated with the non-nucleated red blood cells) [Goo78] and therefore 
anaemia may be expected to be more associated with the erythrocyte component that the 
plasma.
Table 7.4: Mean trace element fresh weight concentrations (qg/ml ± one standard 
deviation) in blood plasma of Se supplemented UC patients.
Week in 
trial.
PIXE analysis INAA
Fe Cu Zn Br Zn Br
0 (n=7) 2.5 ± 0.9 1.1 ± 0.5 0.9 + 0.4 3.7 ± 1.4 0.9 ± 0.1 3.3 ± 0.7
1 (n=4) 2.3 ± 0.4 1.9 ± 0.6 1.7 ± 0.7 4.9 ± 1.5 0.9 ± 0.2 3.6 ± 0.3
2 (n=7) 2.2 ± 1.2 1.8 ± 1.2 1.3 ± 0.5 4.0 ± 1.5 0.8 ± 0.3 3.5 ± 0.5
4 (n=4) 1.1 ± 0.2 1.0 ± 0.4 1.0 ± 0.1 2.4 ± 0.1 1.0 ± 0 .1 3.8 ± 0.1
6 (n=2)* 3.2 ± 1.1 1.1 ± 0.4 0.9 ± 0 .3 3.3 ± 0 .6 1.1 ± 0.1 3.3 ± 0.1
* Selenium supplements withdrawn.
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Table 7.5: Fresh weight concentrations (in |ig/g) for blood plasma from the literature
and for the single normal cases and quiescent determined here.
Element [Iye78] Quiescent (n=3) Normal (n=l)
Fe 0.71-1.27 1.2 ± 0.3 1.3 ± 0.2
Cu 0.61-1.41 0.5 ± 0.1 1.0 ±  0.5
Zn 0.79-1.70 0.9 ± 0.2 0.8 ± 0.1
Br 3.1-9.7 5.3 ± 0.2 7.7 ± 0.8
Iron is known to promote ROS production as a catalyst in the Haber-Weiss reaction 
[Smi90]:
O2" + H2O2 —> OH- + OH + Oz 
and by the Fenton reaction [Fre82]:
Fe2+ + H20 2 Fe3+ + OH- + OH 
The high iron levels of plasma will therefore result in an increase in free radical 
production in turn leading to further inflammation and a worsening of condition.
Bromine concentrations were found to remain fairly stable during supplementation being 
significantly lower than in quiescent patients (p<0.002 week 0, pcO.OOl week 1,2,4 & 6).
Zinc concentrations were initially found to be lower in active patients than quiescent 
(p<0.01 week 0) and to remain low during initial supplementation (p<0.1 week 1, p<0.05 
week 2). However, with increased supplementation durations the concentrations in active 
patients increased and became not significantly different from quiescent (p>0.1 week 4). 
Zinc concentrations remained not significantly different between active and quiescent 
patients when supplements were withdrawn.
For the time periods when Zn concentrations were low the zinc concentrations were 
significantly correlated with the copper concentrations (pcO.OOl week 0, p<0.05 week 1. 
p<0.01 week 2). However when the Zn concentrations increased to quiescent levels no 
significant correlation was seen (p>0.1). Copper and zinc may be expected to be well
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correlated due to their role in the enzyme CuZn-SOD. This enzyme acts as an antioxidant 
as it catalyses the disproportion of the superoxide free radicals (0 2-  -) to hydrogen 
peroxide and oxygen. In fact this is the only role which has been identified for CuZn- 
SOD.
Copper concentrations were found to be higher in active UC patients than in quiescent at 
a low level of significance at week 0 and 4 (p<0.1) and at a higher level of significance 
at week 1 (p<0.02).
Fernandez-Benares [Fer90] also found zinc concentrations to be reduced and copper 
concentrations increased in blood samples taken from UC patients in agreement with the 
findings for the UC subjects studied here.
Zn and Br concentrations obtained by PIXE and INAA were seen to be in agreement 
within the limits of the associated errors, with the exception of the bromine concentration 
at 4 weeks, for which PIXE results were lower than the INAA results.
7.10 Conclusions.
An improvement was seen in the number of liquid/soft stools and the number of bloody 
stools and the sigmoidoscopic score of UC patients treated with antioxidants. In addition 
four of the nine patients achieved remission. However, since no placebo controls were 
contained in the study it cannot be definitely asserted that the improvement was due to 
antioxidant therapy and not a placebo effect. A placebo effect has been shown to exist 
in UC patients [Han96].
Selenium concentrations in UC plasma samples were found to increase with 
supplementation from being significantly lower than in quiescent patients to being not 
statistically significantly different. Meanwhile iron concentration were found to decrease 
from being significantly higher than quiescent to being not statistically significantly 
different. Both low selenium levels and high iron levels are associated with higher 
numbers of free radicals, as the selenium levels increase and iron levels decrease the 
number of free radicals would be expected to fall. This was confirmed by a reduction in
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plasma TEARS. Although both selenium and iron concentrations returned to what is 
believed to be normal levels during supplementation the concentrations quickly reverted 
when supplementation was withdrawn. It may therefore be necessary to maintain patients 
on supplements for long term benefits. Although no detrimental effects were seen with 
high selenium supplements (ôOOpg per day) during a four week trial, toxicity problems 
may appear in extending this treatment to the long term.
Due to the improvement in patient condition during supplementation it seems likely that 
ROS are involved in the pathogenesis of UC and that active UC patients may benefit from 
selenium supplements, however further trials, of longer duration, including placebos are 
required.
It is uncertain if this therapy could be extended to Alzheimer patients since although it 
has been shown that selenium supplements can be absorbed by plasma in UC patients the 
GI absorption of selenium by Alzheimer patients may be different. In addition even if 
the selenium entered the plasma of Alzheimer patients it may have difficulties in crossing 
the blood brain barrier. This is because unlike with the minor elements such as Na, Cl, 
K and Ca which exist as large numbers of free ions, which are expected to easily cross 
the blood brain barrier, the trace elements are bound to proteins and amino acids and 
require specific mechanisms to cross the blood brain barrier [Bra92].
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8. Conclusions and Suggestions for Further Work.
PIXE, RBS and IN A analyses have been applied to the problem of the determination of 
the distribution of major, minor and trace elements in the brain tissue of pigs, and 
’normal’ and AD human cases. It has been found that the human brain is a highly 
heterogeneous organ in terms of elemental concentrations and that the numerous 
publications which refer to ’whole brain’ tissue concentrations are meaningless, unless 
literally the entire brain was homogenised and sampled or whole brain concentrations 
were carefully calculated using the specific elemental concentrations and fractional 
volumes of particular regions.
The use of a new state of the art atmosphere thin window (ATW) Si(Li) detector for some 
of this work required initial calibration for the accurate interpretation of the collected X- 
ray spectra. The detector was found to display excellent linearity in energy calibration 
typical of Si(Li) detectors (t, linear correlation coefficient = 0.999994) and to have a 
resolution of 142 ± 15eV at 5.9keV compared to the manufacturers quoted value of 
140eV. Good linearity and resolution are essential for the accurate identification of peaks 
of interest and the separation of closely spaced adjacent peaks. The position of the 
detector crystal behind the ATW was also determined since this is required as one of the 
input parameters for analysis using PIXAN.
Experimentation was required to assess which filter should be used for suitable dead time 
reduction whilst still allowing the detection of a maximum number of elements in 
biological tissues. The old mylar pinhole filter, used for the Be window detector, was 
found to be unsuitable for use with the ATW detector since the latter allowed the 
detection of the low energy characteristic X-rays from the major elements C, N and O, 
thus swamping contributions from minor and trace elements. The pinhole filter used in 
combination with a thin mylar filter (43|im thickness) was found to offer the best 
detection limits over the widest range of elements. Arshed [Ars91] also concluded from 
his PIXE simulation program that a pinhole filter used in conjunction with a thin filter
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would allow the detection of a maximum number of elements using the Be window 
detector, and this type of filter combination was suggested by him to future users.
Preliminary work conducted on porcine brain tissue allowed the development of sample 
handling and preparation techniques, the determination of sampling factors which gave the 
minimum mass of sample required for 1% and 5% subsampling errors, and verification 
that the use of a proton beam of current density lxlO"lsApm"2 would not cause significant 
sample heating and elemental loss when incident on dehydrated, homogenised brain tissue. 
Some work was also conducted to test the suitability of PIGE analysis for the detection 
of low atomic number elements which are difficult to detect by PIXE analysis, such as 
Na and Al. However, since the Van de Graaff accelerator energy had to be specifically 
adjusted to the relevant resonant energy for each element to be determined by PIGE, this 
could not be carried out simultaneously with PIXE and RBS analyses without 
compromising the sensitivity of PIXE. It was therefore decided that PIGE analysis would 
be too time consuming for the routine analytical procedures adopted.
The accuracy of PIXE and IN A analyses was evaluated by using the concentrations 
determined for the certified standard IAEA Animal Blood with Bowen’s Kale as the 
reference material. Whilst concentrations for Na, P, S, K, Br and Rb were found to be 
in agreement within the limits of the certified and statistical errors, Fe and Zn 
concentrations were found to be in poorer agreement although a mean value taken from 
the two techniques was found to be in good agreement with certified values.
In comparing the elemental concentrations in porcine brain tissue with human tissue the 
concentrations of Cu and As were found to be higher in pigs. This could be due to the 
inclusion of these elements in the pig diet as growth supplements. Cadmium 
concentrations were found to be low in porcine brain tissue, probably due to the shorter 
lifetime of the pig and therefore accumulation of cadmium from the environment. 
Chlorine and zinc concentrations were also found to be low in the porcine brain. This 
may be a reflection of the reduced amount of grey matter in the porcine brain due to the 
less convoluted brain surface of lower order mammals. The dry to fresh weight ratio of 
porcine brain tissue (-0.181) was found to lie between the literature values for infant and
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adult humans. The concentrations of Mn, Br and Na were found to be high in the parietal 
lobe compared to the other cortical lobes. It is known that the parietal lobe controls 
sensory information and that in the pig a large proportion is dedicated to the snout.
It has been stated in the literature [Und77] that the elemental composition of pig organs 
closely resembles that of humans. From this work it appears that the composition of 
porcine brain tissue is similar to human brain tissue. Some concentration differences do 
exist. However, it may be that in pigs specifically reared for comparison with humans, 
rather than reared for meat, some concentration differences would not be as great 
(perhaps Cu and As are in this category) and the pig brain could be used as a model for 
the human brain. For example, this may be useful in studies in which elements 
supplemented to the diet can pass across the blood brain barrier.
A study was conducted on thirteen brain regions from the ’normal’ human brain to 
establish the distribution of elements in the brain and set up relationships of element 
concentration dependence upon factors such as age and sex. In ’normal’ human brain 
tissue dry to fresh weight ratios were found to increase with increased age to a maximum 
at 58 years and then decrease with further age increases. Across the regions of the brain 
the dry to fresh weight ratios were found to depend upon the grey and white matter 
components of the region under investigation with brain regions with the greatest amount 
of white matter (e.g. the thalamus) having the highest ratios and the regions with the 
greatest amount of grey matter (e.g, cerebellum and hippocampus) having the lowest 
ratios. Smokers were found to have significantly higher conversion ratios than non- 
smokers for the frontal cortex, temporal cortex and thalamus, the thalamus being the 
region associated with the greatest nicotine binding. Conversion ratios were also found 
to be higher in females than males.
In terms of the major elemental composition little difference was seen between brain 
regions except that the cerebellum was found to have low carbon concentrations and high 
nitrogen and sodium concentrations compared to other brain regions. In terms of minor 
and trace elements, P, S, Cl, K, Ca, Fe, Zn and Mg were found to exhibit normal 
frequency distributions typical of essential elements under homeostatic control whilst Cd
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exhibited a log-normal distribution typical of an element whose concentration is dictated 
by environmental exposure.
It was found that small elemental concentration differences existed between the right and 
left hemispheres of the parietal lobe in elderly patients, possibly reflecting the difference 
in function between the two hemispheres.
The concentrations of minor and trace elements were found to be dependant upon the 
brain region studied and when hierarchial cluster analysis was applied the samples were 
found to fall into clusters of groups reflecting the region’s composition in terms of grey 
and white matter. The cortical samples (mixed matter) being mostly clustered together 
in a single cluster with the cerebellum and hippocampus (mostly grey matter) clustered 
together and the right and left thalami (mostly white matter) in a cluster on their own. 
A stationary beam, of diameter 0.2mm, pinpointing specific locations on an 
unhomogenised section of ’normal’ human occipital cortex showed zinc and chlorine dry 
weight concentrations to be significantly higher in grey matter than white matter.
Potassium, calcium and magnesium concentrations were found to increase in the ’normal’ 
human brain with increasing age,and potassium concentrations were found to be higher 
in females than in males.
Iron concentrations were initially found to be higher than expected in ’normal’ brain tissue 
and after the possibility of knife contamination had been eliminated by experiment this 
increase was attributed to surface blood contamination. It was found that by removing 
the sample edges after freeze drying all surface blood (including that in the deep sulci) 
could easily be removed along with the meninges.
A study was conducted on the distribution of elements through the cortex of sporadic 
Alzheimer patients of differing disease durations. In examining brain tissue taken from 
Alzheimer patients dry to fresh weight ratios were found to be decreased compared to 
’normals’. The reduction in water ratio was found to be dependant on the region studied 
with reductions being 10% for the parietal lobe, 9% for the temporal lobe, 5% for the
231
frontal lobe and not significantly different between ’normals’ and Alzheimers for the 
occipital lobe. Histopathologically the temporal, frontal and parietal lobes are the most 
damaged in Alzheimer brain tissue, displaying the largest number of plaques and tangles 
whilst the occipital lobe remains relatively unscathed. The occipital lobe also displays the 
least atrophy. The dry to fresh weight ratio of Alzheimer samples was found to be 
dependant upon the disease duration with subjects of longer duration showing, as may be 
expected, the largest deviations from the ’normal’.
In terms of the minor and trace element concentrations, sodium concentrations were found 
to be increased in Alzheimer patients in the frontal, temporal, occipital and parietal cortex 
as were chlorine concentrations (frontal and parietal) and bromine concentrations (frontal 
and temporal). Whilst potassium (frontal and temporal), rubidium (frontal and temporal) 
and selenium (frontal) concentrations were found to be decreased in Alzheimer cases. No 
significant difference was found between ’normal’ and Alzheimer cases for Al, Na, P, S, 
Ca, Fe, Zn, Cd, Cs and S in the frontal lobe, however, Zn concentrations were found to 
be increased in the temporal lobe of Alzheimer cases.
Bromine concentrations were found to reflect the degree of histopathological damage with 
the temporal lobe showing a 61 ± 21% increase in bromine concentrations in Alzheimer 
patients and the frontal lobe a 41 ± 19% increase whilst no significant increase was seen 
in the occipital cortex. Sodium concentrations too were found to follow the same pattern, 
the increase in concentrations being 42 ± 9% in the temporal lobe of Alzheimer patients, 
31 ± 16% in the parietal lobe, 24 ± 10% in the frontal lobe and 19 ± 3% in the occipital 
lobe.
In observing the frequency distributions for ’normals’ and Alzheimers the homeostatic 
control of K, Mn, Na, S and Ca was seen to be lost (to varying extent) in the frontal lobe 
of Alzheimer patients whilst Cd was found to change frequency distribution from the 
expected log-normal distribution in ’normal’ cases (shown by a straight line on a 
cumulative frequency plot) to a more Gaussian distribution in Alzheimer cases (shown by 
an ’S-shaped’ curve on a cumulative frequency plot). Whilst the loss of homeostatic 
control of disease brain tissue makes intuitive sense the apparent gain of homeostatic
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control for an element usually environmentally controlled is less easily understood. It 
is most likely that the cadmium concentrations are influenced by other elements. 
Calcium, zinc, iron and copper concentrations have all been found to influence cadmium 
concentrations, with increases in calcium and zinc being found to reduce cadmium 
absorption. In Chapter six both calcium and zinc were found to be increased in 
concentration in Alzheimer tissue which may have led to the observed decrease in 
cadmium concentrations. No significant differences were found between ’normals’ and 
Alzheimer subjects for Fe and Cu concentrations.
Sodium, chlorine, bromine and potassium concentrations were found to be dependant on 
disease duration. However, rather than Alzheimer tissue displaying more abnormal 
concentrations with increased disease duration the opposite was found to be true with the 
increased concentrations of Na, Cl and Br decreasing towards ’normal’ values with 
increasing disease duration and the decreased concentrations of K increasing towards 
’normal’ values. This finding is difficult to explain without further studies of element 
concentrations with disease durations and specifically whether the large concentration 
changes in a few Alzheimer subjects is associated with a fast death or if there is always 
a large initial imbalance in concentrations which can return towards ’normal’ values with 
survival time. If the latter is the case, is the normalisation of elemental concentrations 
medication related? Studies are required on living patients to observe any changes in 
element concentrations with disease duration, however since this could not be conducted 
on brain tissue an indicator of the brain composition would be required. This implies 
further work on the extent to which fluids such as CSF and blood can be used to reflect 
brain tissue compositions. Although elemental concentrations in CSF have been 
determined, for example by Hershey [Her83], they have not been correlated to brain tissue 
concentrations.
Linear statistical modelling on data obtained from ’normal’ and Alzheimer patients 
identified Na, Cl, K, Br and the dry to fresh weight water ratio as the factors most 
affected by Alzheimer’s disease. Cluster analysis, applied using these 5 parameters, was 
able to separate Alzheimer cases from ’normals’ for 19 out of 22 samples. The three 
samples which were not correctly clustered were tissues from the subjects of long duration
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sufferers of Alzheimer’s disease in which elemental concentrations tending towards 
’normal’ values were found.
Free radicals have already been implicated in Alzheimer’s disease, and some of the results 
obtained here provide supporting evidence for this view. Selenium concentrations 
were found to be reduced in the frontal lobe of Alzheimer patients compared to ’normals’ 
and selenium is known to be an antioxidant and so protects against excess free radical 
production. However, zinc concentrations were found to be increased in the temporal 
lobe, although this may be an indication of an increase in the production of the CuZn- 
SOD enzyme, a scrounger of free radicals. Zinc is associated with many enzymes and 
the change in zinc concentrations may not be antioxidant related. Unfortunately copper 
concentrations were not determined for the temporal lobe. The high (pcO.OOl) correlation 
between S and Cd in ’normal’ brain tissue and the low (pcO.l) correlation in Alzheimer 
brain tissue may be an indication of a reduction in metallothionein. In normal situations 
most Cd is bound to the S containing metallothionein. It is believed that metallothionein 
may prevent the formation of free radicals and so a decrease in concentration may lead 
to increased oxidative stress. Iron concentrations, which are believed to increase the 
formation of free radicals, were not found to be significantly different in ’normal’ and 
Alzheimer tissue.
The last part of this work involved a study of the extent to which antioxidant therapy 
(including Se supplements) can be used to treat ulcerative colitis, another disease thought 
to be free radical mediated. During selenium supplementation, plasma selenium levels 
were found to increase and iron concentrations to decrease to concentrations more 
representative of quiescent patients than active UC patients. The number of free radicals 
was measured using TEARS (thiobarbituric acid reactive substances) test and found to 
decrease with supplementation as would be expected from the changes in selenium and 
iron concentrations. There was also a marked improvement in patient health in terms of 
the number of stools and histopathological score, with four of the seven patients achieving 
remission. On removal of the supplements, selenium concentrations were found to begin 
decreasing again and iron concentrations to increase again, as may be expected, however, 
patient health was found to continue to improve. The observation of increased selenium
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levels in the blood plasma and an improvement in patient condition suggest that 
antioxidant therapy can be an effective treatment for ulcerative colitis patients, however 
a trial including placebo controls would be required.
To date no formal clinical trials of antioxidant therapy have been conducted on Alzheimer 
patients although there are several ways in which free radicals are believed to be involved 
in the disease. A trial along the lines of that conducted on the UC patients is required. 
It would need to be verified that the selenium could be absorbed by the blood in AD 
patients, since the absorption in the gut of AD patients may be expected to be different 
to that for UC patients. Even then separate studies may be needed to confirm that the 
selenium could pass the blood brain barrier.
Much trace element work still remains to be conducted on the Alzheimer brain. Here the 
cortex has been extensively studied and the element imbalances defined for specific 
regions and compared to their anatomical and histopathological damage. In addition to 
the heterogeneous nature of the ’normal’ brain, the Alzheimer cortex is not uniformly 
affected in terms of concentration variations from the ’normal’ adding further 
concentration heterogeneity. This means that published results must state the region 
studied and should not average over a number of regions. It is well known that ’normal’ 
and Alzheimer cases must be age and sex matched, however, literature results are difficult 
to compare since age ranges and numbers of each sex are often not quoted. In addition, 
it appears from the work presented here, that for comparison of literature values the 
disease duration must also be quoted, a figure possibly rarely known, let alone published.
The Alzheimer’s Disease Brain Bank is currently compiling a positron emission 
tomography (PET) and magnetic resonance imaging (MRI) database from living 
Alzheimer patients to obtain functional and structural information of the diseased brain. 
This opens up exciting possibilities for the future of putting together post-mortem 
elemental concentration information with data gathered from the subjects ’in vivo’.
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Appendix I
Beam Alignment and Focusing.
In order for the beam to be viewed whilst being correctly positioned and focused a target 
plate with a glass microscope slide attached to it was positioned in place of the samples 
in the target chamber. The target chamber was then pumped to a vacuum of 
approximately 10'5 torr before the gate valve between the beam line and the target 
chamber was opened. With no aperture in place in the beam line the voltages were 
adjusted on the steering plates to guide the proton beam along the central axis of the beam 
line, this was judged as being when the current measured in the target chamber reached 
a maximum value. The size of aperture required was then selected by screwing a plate, 
with a number of different sized holes, into the beam line. The beam shape was observed 
using the two viewing ports (immediately after the aperture and further down the beam 
line). A quartz viewer could be moved into and out of the beam line at these ports, and 
the vertical aperture position and angle of rotation adjusted to give a circular beam spot 
on the viewer. A beam spot should then also be visible on the glass slide in the target 
chamber. The correct aperture position was judged by observing a maximum current (for 
that aperture) in the target chamber.
Before any further beam manipulation could be conducted the scanning plates had to be 
adjusted so that the beam was stationary and in the centre of the scanning area. Initially 
this was achieved by adjusting the scanning parameters so that the scan step size = 0 and 
the x and y start positions = 2045. However, later a "set-up" switch, which automatically 
set these parameters, was fitted. One edge of the piece of glass in the target chamber was 
then positioned in the centre of the field of view of the microscope (in the near view), 
using the stepper motors, to be used as a reference point. Small adjustments were then 
made to the voltages on the steering plates so that the beam also sat in the centre of the 
field of view on the glass. The beam could then be focused. In the first stage of focusing 
the magnets were switched to ’normal’ mode where each of the quadrupole magnets acts
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independently. In this mode the first and third magnets focus the beam in the horizontal 
direction and the second and fourth in the vertical direction. The current on each magnet 
was slowly increased in turn. The beam should be seen to focus into a horizontal or 
vertical line in the centre of the field of view. If the focusing was off centre the vertical 
jacks (for horizontal focusing) and the horizontal jacks (for vertical focusing) were 
adjusted to alter the quadrupole positions relative to the beam. When the magnets were 
correctly aligned they were switched to ’series’ mode where the magnets work in pairs. 
The beam could then be focused in horizontal and vertical directions using just two 
controls. It should be noted that focusing in one direction slightly defocuses in the other 
direction and so small adjustments had to be made alternately to the two controls. If 
when the beam was focused it appeared to be elliptical rather than circular some rotational 
alignment was required. Only the first magnet needed to be rotated and usually it was 
only by a small amount.
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Errata.
p. 15 Where reference is made to PLXAN text should include "(see section 2.1.12)".
p. 16 A more up to date reference than [And??] is "The stopping and ranges of ions in solids"
by Ziegler, J.F., and Biersack,J.P., Pergamon Press (1985).
p.22 Caption for Figure 2.8 should include "Using 2MeV proton beam of 4nA current. 
Charge measured in p.C".
p.34 "Theoretical RBS spectrum" should read "Schematic RBS spectrum".
p.55 Last line 1st paragraph, "... for the majority of analysis..." should read ..."for the majority
of analyses..."
p.60 Caption to figure 3.3 should include "Using beam current density of 1.0 xlO'15 Apm"2." 
p 96 Section 4.9 should read "The intake of water into cells is facilitated by the presence of 
phospholipid molecules..."
p.96 Section 4.9 "hydrophillic" should read "hydrophilic"
p. 104 2nd sentence should read "...sodium, potassium and calcium have electrophysical 
functions...".
p. 109 Section 5.4 1st paragraph should read "The main aim is to pinpoint any significant 
differences..."
p. 135 3rd paragraph "hipppocampus" should read "hippocampus".
p. 135 & p. 136 Distance between two regions i and k should read d& not dy
p. 157 Section 6.2.5. 2nd paragraph should read "Since then many publications have been
produced both supporting an increase in aluminium levels..."
p. 168 Caption for Table 6.5 "cotex" should read "cortex"
p.203 2nd paragraph should read "Insufficient samples were analysed from the temporal lobe 
to draw any conclusions..."
p.207 2nd paragraph "metaothionein" should read "metallothionein (MT)" 
p.220 2nd paragraph "...this may be the reasoning..." should read "...this may be the reason..." 
p.226 reference [Kne90] should read "Knekt,P., Aromaa,A., M aatela,!, Alfthan,G., et al. 
Serum selenium and subsequent risk of cancer among Finish man and women, J. Cancer Inst. 
82 (1990) 864-8.
A2 "...quadrupole positions..." should read "...quadruplet position..."
A2 Last sentence should read "Only the first magnet needs to be rotated, usually only by a 
small amount". a
